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Abstract 
 
 
Combustion of reactive materials forms an active area of research for reactive fragment and 
structural materials applications.  Currently, reactive fragment tests involve high velocity (1-2 km/s), 
large caliber projectiles directed into blast chambers where overpressure is measured to quantify output. 
Unfortunately, these existing facilities suffer many issues including high cost per test, which limits the 
ability to perform true parametric studies, as well as limited access in some cases for diagnostics other 
than transient pressure.  To address these issues, we developed a small-scale reactive materials 
combustion test facility based on the Remington .17 caliber rifle which safely launches projectiles at 
velocities approaching 1.3 km/s.  By making custom projectiles and firing these into a small chamber 
with complete optical access, we are able to obtain transient pressure and capture high-speed imagery. 
The setup also allows for optical measurements including pyrometry and spectroscopy. In this work the 
diagnostic measurements are primarily the bullet velocity and chamber overpressure.  
After completion of the design and installation of the laser optical chronograph and the 
appropriate pressure transducers, several tests at velocities of 1.2 km/s were performed comparing inert 
bullets with those comprised of reactive metals in air, 100% nitrogen, and 40% oxygen rich environments.  
Therefore this paper outlines the major components of the combustion test facility, the system diagnostics 
and the effect that different intermetallics in various environments have on combustion performance. 
Results indicate that the facility performed as intended by capturing quantitative differences in the 
chemical energy release of various energetic systems. Further, through the post-processing of specimen 
residue with X-ray diffraction, the identification of reaction products provided better insight into the 
chemical reactions contributing to the observed energy release assisting in the determination of elements 
responsible for combustion performance. 
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Chapter 1 
 
 
Introduction 
 
 
1.1 Energetic Materials Applications 
“Reactive Materials (RM) denotes a class of materials that generally combines two or more 
nonexplosive solids which, upon their ignition, react to release chemical energy in addition to the kinetic 
energy when the high-speed projectile containing the reactive materials collides with the target” [1]. The 
rare combination of stability under normal conditions and the ability to release large amounts of energy 
make them attractive substitutes over more commonly used explosives such as TNT (trinitrotoluene) or 
PETN (pentaerythritol tetranitrate). Moreover, the energy release and subsequently destructive capacity 
can exceed standard explosives. For example, TNT generates 1120 cal/g [2] in blast energy while 
materials such as aluminum and hafnium have been experimentally shown to exceed 2300 cal/g and 1400 
cal/g respectively [3]. 
From the reduction of collateral damage to enhanced destructive capability of hardened targets to 
increased effective range, energetic materials are an integral part of many modern defense systems. 
Specifically, reactive materials significantly improve a systems ability to deliver damage to hard or soft 
targets through: increased internal temperature form the chemical energy, enhanced blast and 
overpressure, and deflagration of critical components [1]. 
According to the Committee on Advanced Energetic Materials and Manufacturing Technologies, 
the United States is losing its capacity to create new energetic materials. In fact, “[t]he U.S. effort in the 
synthesis of energetic materials at present involves approximately 24 chemists, several of whom are 
approaching retirement. Few chemists are being trained to replace them” [1]. Clearly, the energetic 
research community stands to benefit from increased academic involvement. Therefore, the 
implementation of academic facilities such as the University of Illinois’ Department of Mechanical 
Science and Engineering small scaled reactive test facility provides added opportunity to grow energetic 
material research efforts fostering new ideas and potentially newly trained scientists in this field. 
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1.2 Types of Impact Initiated Test Facilities 
Research surrounding reactive materials is a growing field due to the wide array of applications. 
Typically these materials consist of intermetallics, metal-oxidizers, or metal-polymer combinations that 
exhibit high strength, stability, and the ability to maintain multiple form factors.      
Numerical simulation programs such as CHEETAH, a thermo-chemical coding language, are 
excellent tools for determining the theoretical energy release of a reactive material specimen. In 
comparison reactive material test facilities can experience variations (sometime significant) in terms of 
the energy released by a given system. In the field of impact initiated energetic materials there currently 
exist three main experimental methods [4]. The first being direct impact experiments consisting of a 25.4 
mm bore powder gun that propels 19.4 g spherical reactive materials specimens initially mounted inside a 
sabot towards a hardened metallic surface without any interference. Diagnostic equipment includes 
photodiodes and spectrometers positioned to detect light emissions to determine product formation and 
energy release. Another researched method is the indirect impact facility where a steel disk impacts a two 
steel anvil configuration, which compress a grooved energetic pellet resting inside. Similar to the direct 
impact experiment, high-speed imagery and spectroscopy provide the qualitative and quantitative sources 
of data. Lastly, and most relevant to the research in this paper is the two-step impact experiment where a 
thin .060 inch steel plate induces fragmentation in a projectile prior to impact on a hardened steel surface. 
In addition to the previously mentioned diagnostic equipment, the two-step impact tests occur inside a 
steel pressure vessel making the use of pressure transducers a relevant diagnostic [4]. 
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Chapter 2 
 
 
Objective of Current Research and 
Literature Review 
 
 
2.1 Objective of Current Research 
The goal of impact-initiated energetic material research is to determine the reagent combination 
that delivers maximum target damage. Therefore, the target and projectile interaction of a test facility 
must closely resemble that of a real world scenario. Our small-scale facility and the larger ballistic 
facilities at the Naval Surface Warfare Center (Figure 2.1), which our facility was modeled after, are 
commonly referred to as vented calorimetric chambers for impact-initiated energetic materials. Chambers 
with this design are initially sealed with a thin mild steel cover that allows for projectile penetration into 
the chamber. The vent hole created from the initial penetration allows gases to escape as the reactive 
metals combust inside the chamber after final impact on a hardened metallic surface. The exothermic 
release of energy from the reactive materials results in a measurable increase of chamber pressure. More 
specifically, the change in system pressure immediately following the chemical reaction, but before heat 
transfer and losses is considered the quasi-static pressure. By quantifying the quasi-static pressure 
generated from various constituents, experimentalists can draw conclusions about a material’s ability to 
damage a target in real world applications.  
 
Figure 2.1: Impact initiated “Octapig” (left) and “Bluepig” (right) test facility operated by NSWC [3] 
Thus, the quasi-static pressure has become the most prominent metric of comparison for reactive 
materials using this type of facility. Variations in the material type, mixture ratio, and particle size 
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contribute to distinct changes to energy release and in the quasi-static pressure allowing us to examine 
parametric variations in reactive materials composition to isolate the key microstructural elements 
responsible for optimized combustion performance. 
 
2.2 Previous Work 
Ames and Waggener 
Richard Ames and Samuel Waggener published a paper, Reaction Efficiencies for Impact-
Initiated Energetic Materials, providing a performance comparison within a large-scale combustion test 
facility of aluminum, tantalum, zirconium, and hafnium metals pressed with various fluorpolymers 
binders. Each of the metal-binder specimens consisted of a 19.4 g spherical mass. Using a sabot the 
projectiles were fired through a smooth bore powder gun (Figure 2.1) capable of achieving velocities of 
2.4 km/s.  
For the tests specifically referenced in the aforementioned paper, the metals were each propelled 
at 1.2 km/s, 1.8 km/s, and 2.4 km/s. Comparison among specimens launched at similar velocities allows 
for a relative comparison of the chemical potential of each specimen since the kinetic energy deposited in 
the chamber is essentially equivalent. However, comparison of specimen performance launched at 
different velocities requires the subtraction of the kinetic energy from the total measured energy release. 
Ames and Waggener determined the chemical energy release (Total energy release=chemical energy + 
kinetic energy) for each of the metals at each of the respective velocities. Figure 2.2 produced in their 
paper depicts the chemical energy deposition of each metal-binder relative to the other specimens as well 
as the theoretical energy release. As such, increased velocities yield performance closer to theoretical 
results.  
 
 
 
 
 
 
 
 
 
 
Figure 2.2: Comparison of velocity increases and theoretical energy release [3] 
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With the first experimental facility for impact initiated vented caloric calorimeter originating at 
the Naval Surface Warfare Center, it is fitting that their work provides a basis of comparison. Figure 2.3 
and Figure 2.4 below are two directly applicable charts as they depict materials of interest such as 
aluminum, zirconium, tantalum, and hafnium. 
 
 
 
 
 
 
 
 
 
Figure 2.3: Comparison of energy release at 1.2 km/s for various energetic metals [3] 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Comparison of energy release at 1.8 km/s for various energetic metals [3] 
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Arguably the most interesting result from this paper was that materials with the highest 
theoretical energy release did not always dominate in terms of combustion performance. As the 
compression yield strength of a given material increases from weak, moderate, to strong (5.0 MPa, 12 
MPa, and 15 MPa respectively), its performance deviates from the 100% theoretical values as seen in 
Figure 2.5. Ames and Waggener suggested that “higher strength would likely result in better distribution 
of the mechanical energy within the material and delay the development of hot-spot initiation points” [3]. 
They went on further to prove this statement by using chemically identical fluoroploymer binders which 
each exhibit a distinct static compression yield strength. Since THV-500 has a yield strength of 12 MPa 
while THV-220 has a yield strength of 5.0 MPa, the binders served as excellent materials for comparison.  
Figure 2.6 displays how the weaker binder, THV-220, produces a more efficient reaction when compared 
to the THV-500. This significance of this finding makes it an important point to consider when selecting 
and comparing materials for testing in impact initiated systems. 
 
 
 
 
 
 
 
Figure 2.5: Yield strength effects on energy release [3] 
 
 
 
 
 
 
 
Figure 2.6: Relationship between efficiency and strength [3] 
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Felts 
Josh Felts conducted several velocity measurement tests using the same .17 caliber, Model 700 
BDL, Remington rifle that is in use for the small scaled reactive materials combustion test facility (Figure 
2.7). By thoroughly documenting the performance of various propellants and their respective quantities, 
he demonstrated the velocity limitations of the rifle. Although the maximum charge for this rifle is 
considered to be 24 grains with most powders, amounts exceeding 24 grains are obtainable, but require 
close monitoring of the rifle and casings to avoid overpressure. Pressure from the gunpowder reaction 
provides the force to accelerate the bullet through the rifle barrel. Theoretically a research assistant could 
control the velocity from 0 to 1.4 km/s. However, in practice the range of charges is limited by the 
minimum pressure required to eject the bullet without it becoming lodged in the barrel and the maximum 
pressure that does not exceed the design limitation of the chamber. Through his efforts we were able to 
avoid conducting our own series of tests to determine the best performing powder. With a ballistic 
coefficient of .185 for the standard .17 caliber, 20 grain, Hornady V-MAX bullet, a muzzle velocity of 1.2 
km/s (4,000 ft/s) creates 1.32 N of air resistance for a 1.30 gram bullet resulting in a difference of 1-2 m/s 
when measuring the velocity one foot from the muzzle as Felts did with his facility or a three feet from 
the muzzle in our facility. The nominal velocity difference made Felt’s results relevant in our facility.  
 
  
 
 
 
 
 
 
 
 
 
 
Figure 2.7: Effect of gun powder amounts and brand on bullet velocity [5] 
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Chapter 3 
  
 
Experimental Methods and Facility 
 
 
3.1 Overview 
The design of the pressure chamber is intended to simulate the conditions upon impact of a lightly 
armored vehicle or aircraft in which a thin metal exterior shell encases larger and denser metallic 
components. Under these circumstances the ballistic projectile fragments after piercing the outer shell and 
continues to propagate through the medium until stopped by a denser surface. Similar to a water 
calorimeter that equates the temperature change to the total amount of energy release, the impact chamber 
allows for the measurement of pressure increases, which correlate to energy release depending on the air 
conditions and volume of the chamber. Tests in confined spaces where the mass of the reactants was less 
than 10% of the inside air demonstrated that an increase in air temperature was the strongest contributor 
to the quasi-static pressure increase [6]. The energy transfer from a kinetic impact and the subsequent 
chemical reaction of a reactive material create the damage to a target. 
 
 
 
 
Figure 3.1: Projectile-Chamber fragmentation & interaction [6] 
 
Each projectile’s total energy is the summation of its kinetic energy and stored chemical energy. 
It is important to note that like many systems, not all of the energy is measureable. Following the initial 
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penetration of the fragmentation plate with minor losses in both mass and energy, the total energy 
dissipates into various forms as depicted in Figure 3.2. Energy transfer through three major mediums or 
sinks includes general losses, local blast pressures, and the global quasi-static pressure. General losses 
include “heat that remains in the solid reaction products, heat losses to the chamber walls, and heat losses 
that result from the venting process” [6]. But in application structural damage capacity is done by the 
local and global pressures so the chamber pressure-time relationship or the global quasi-static pressure is 
the most meaningful measurement when determining the total energy release from a given projectile. 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Diagram of energy dissipation [6] 
 
According to Ames, the quasi-static pressure is a more global phenomenon and a result of the 
energy deposited into the chamber environment. Moreover, blast perturbations or local blast pressure 
waves perform PdV work on the internal chamber environment further increasing the global quasi-static 
pressure. Figure 3.3 demonstrates the measurable pressure that results from an energetic specimen impact. 
Using a pressure transducer with an adequate response time, the high-pressure initial blast wave is 
typically measured in the first few milliseconds. Following the initial blast is a series of undulations or 
localized blast pressure waves traversing and reflecting, but dissipating inside the pressure chamber that 
provide additional PdV work to the environment and lead to an increase in the global quasi-static 
pressure.  
In application a reactive material projectile would immediately affect a target upon penetration of 
the target’s outer skin and subsequently be altered itself. Test facilities at the Naval Surface Warfare 
Center typically use a 19.4 g homogenous sphere and experience an 8% loss in mass when perforating a 
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1/16th inch thick mild steel plate. Additionally, the projectile experiences a 20% reduction in velocity 
when passing through the steel entry plate [6]. Although post-perforation velocity and mass 
measurements were not conducted to determine the change in mass and velocity for this facility, it is 
important to mention since the measured velocity is not the same velocity at impact due to the reduction 
induced by the breaker plate.  
 
 
 
 
 
 
 
 
 
Figure 3.3: Total pressure contributions to quasi-static pressure increase [6] 
 
Since the standard .17 caliber Hornady bullet is primarily comprised of lead with a thin copper 
coating which increases a bullet’s thermal capacity and resistance to deformation while traversing the rifle 
barrel, there is a small, detectable level of chemical energy release when using an “inert” bullet. 
Therefore, a baseline test is necessary for each chamber environment in order to differentiate between the 
kinetic and chemical energy release from the bullet and the chemical energy release of the reactive metal 
specimen. It’s important to note that rotational effect of the bullet created by the rifling of the Remington 
700 Model BDL rifle is ignored to simplify the calculations as they are assumed to be insignificant in 
energy disposition when compared to the translational kinetic energy.  
 
3.2 Determination of Energy Deposition from Pressure  
In order to calculate the total energy released by the reactive specimen and ballistic impact in the 
chamber environment, we assume the pressure chamber acts as a closed system during the first few 
milliseconds prior to reaching the maximum recordable overpressure. While also assuming an ideal gas 
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PV m
air
RT
and a constant mass system, the quasi-static pressure created inside the chamber correlates to the energy 
release through the following relationship: 
 
                                                                                                       (3.1) 
 
 
The derivation of this equation is presented in Reaction Efficiencies for Impact Initiated 
Energetic Materials [3]. By measuring the pressure increase and analytically approximating the quasi-
static pressure from the blast pressure data, the total energy release is determined. The specific heat ratio 
(γ) for air varies with an increase in temperature. To complicate matters the temperature of the air inside 
the pressure chamber varies significantly from 295 K at room temperature to 1500 K or greater depending 
on the chemical energy of the specimen. Research at the Naval Surface Warfare Center found that inside 
closed systems gas temperature increase is significant only within the first hundred milliseconds 
following the projectile impact falling to a range of 500-1500 K during the venting process. To simplify 
the calculations an assumption as to the ratio of specific heats is necessary. Researchers at the Naval 
Surface Warfare Center-Dahlgren Division discovered that assuming a constant ratio of specific heats, γ, 
of 1.4 is valid under most circumstances [6]. Therefore a specific heat ratio of 1.4 was an appropriate 
value for the air inside the pressure chamber. With the volume, V, of the pressure chamber constant the 
only variable in determining the energy release from each test is the peak quasi-static pressure, which is 
measured from the recorded pressure traces. 
 It is also important to note that the energy release figures discussed in this paper are conservative 
calculations as Equation 3.1 does not account for the mass of the projectile inside the pressure chamber. 
With a volume of 5.56 liters the air inside the chamber has a mass of 6.67 g. In comparison to the average 
bullet mass of 1.30 g, the projectile represents 19.5% of the internal mass of the system. This mass can act 
as a sink, absorb energy in the form of heat, and reduce the energy contribution to the measurable quasi-
static pressure. Deriving the pressure-energy relationship with this consideration in mind takes the ideal 
gas law in Equation 3.2 where P is the chamber pressure, V is the chamber volume, m is the mass of the 
air, R is the universal gas constant, and T is the absolute temperature and substitutes Equation 3.3 where q 
(also referred to as ΔE) is the energy released and Cv is the constant-volume specific heat results in 
Equation 3.4.  
  
                                                                                                  (3.2) 
 
                                                                                        (3.3) q mairCv T
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Knowing that the universal gas constant, R, is equal to Cv(γ-1), Equation 3.4 is mathematically equivalent 
to Equation 3.5. However, Equation 3.5 differs from Equation 3.1 in that the mass of the projectile now 
influences the pressure-energy relationship. Using the constant-volume specific heat of air as .718 
KJ/KgK and the specific heat of .13 KJ/KgK for a lead bullet (1.1 g of lead) doubled the estimated energy 
output for a given system when compared to the methods in Equation 3.1 that assumed the mass of the 
projectile has no effect on the measured pressure data.   
 
                                                                                                                                (3.5) 
 
 
  
This analysis shows that there are several ways to interpret the pressure data and by neglecting the mass 
of the bullet, the energy results tabulated in Appendix B and derived from Equation 3.1 are very 
conservative values for each system (50% reduced from Equation 3.5). Given the chaotic nature of the 
fragmentation, it is difficult to discern how the energy is distributed post impact between the air or other 
gaseous environments and the projectile mass since the projectile fragments with a range of particle sizes. 
Further analysis of experimental results and residue form inert cases like those discussed in Chapter 4.6 
could help discern the level of lead oxidation and influential fragmentation (in relation to Equation 3.5). 
Additionally, the timescale at which the lead absorbs heat is significantly longer than that of air reducing 
the effects of lead absorbing pressure enhancing energy. Therefore, for this work the results are based on 
Equation 3.1. 
 
3.3 Experimental Small Scaled Test Facility  
Overview 
Cost, system reliability and laboratory safety were all factors taken into consideration during the 
design and construction of this small-scale facility. The system design is an integration of standardized 
components that house a .17 caliber Model 700 BDL Remington rifle in a foam padded metal locker 
13 
 
creating a noise reducing environment as seen in Figure 3.4. From the safety of an adjacent room, the rifle 
trigger mechanism, which requires 4.25 lbf is remotely engaged through a sealed linear solenoid that 
transmits 8.1 lbf. Figure 2.7 shows that a variation in gunpowder charge amounts (24 grain for 100%) and 
brands, allows for the adjustment of bullet velocity with a maximum safe test velocity of 1.2-1.3 km/s. 
Although the maximum velocity of the small scaled facility is less than those of the national 
laboratories, the limitations of current weapon systems must also be taken into account. Velocities of 
2.4km/s are attainable in large laboratory settings; however, they are less likely to be seen in fielded 
weapon systems. For example, many of the current kinetic energy rounds such as those commonly 
delivered in the M1A1/M1A2 Abrams Main Battle Tank operate at velocity ranges from 1.5-1.7 km/s [7]. 
In short, current deficiencies of a small scaled facility are not as significant when considering the 
limitations of present day delivery systems. Research at the Naval Surface Warfare Center has also shown 
that 1.2 km/s is fast enough to see reactive materials effects while velocities of 0.6 km/s are not [1]. 
 
 
 
 
 
Figure 3.4: Small scaled reactive materials combustion facility 
Pressure Chamber 
To properly measure the energy release, we required a facility durable enough to safely withstand 
the initial impact and reflected shock waves created from a high-speed bullet, absorb and retain blast 
pressures and fragments from the reactive constituents, provide optical access for diagnostics, and 
accommodate multiple pressure transducers. The basic chamber design consists of a ½ in. thick, 8 in. 
square section of A36 steel tubing spanning 10 inches in length. Two 4 in. x 8 in. sections were cut into 
the steel tubing and covered with ½ inch thick polycarbonate plates functioning as ballistic windows and 
secured by a 6061 aluminum frame. Serving as end caps are two 8 in. square, 1 in. thick A36 steel plates. 
Elevating the chamber and acting as table mounting assembly are 4, 1 in. diameter 6061 aluminum rods 
joined and supported on two 6 in. x 10 in. A36 steel plates. 
The current chamber design allows for the placement of three pressure transducers in the ½ 
inch NPT fittings evenly distributed along the top chamber wall (Figure 3.5). The projectile first enters 
the chamber by penetrating a 1/16 in. mild steel breaker plate, which induces fragmentation of the lead 
bullet and the reactive constituents. Although certain materials may require the replacement of one sensor 
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with a valve for immediate ventilation, utilizing all ports maximizes data collection. After several 
preliminary tests in air, results indicated that typical experimental quasi-static pressures in air ranging 
from 10-15 psig with maximum pressures reaching 25 psig.  
 
 
 
 
 
 
 
 
 
Figure 3.5: Induced fragmentation & pressure transducer positions on pressure chamber 
 
 
 
 
 
 
 
 
 
Figure 3.6: Gems pressure sensor mounted directly on top of the pressure chamber 
 
 
 
 
 
 
Figure 3.7: Gems pressure sensor mounted on pressure chamber with a 1.50 in. tubing standoff 
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Due to the confined space of the chamber, the minor spatial difference of each transducer mount 
did not attribute to any measurable variation in recordable pressure. Therefore, several peizoresistive 
pressure transducers within the appropriate expected pressure range of 0 to 25 psig were selected. To 
accurately record the peak blast pressure a XTL-190-25SG Kulite, 100 mv output, pressure transducer 
was used in conjunction with the  a Wheatstone strain gauge amplifier. The Kulite XTL series pressure 
transducers are recommended for their high frequency response and resistance to vibrational noise. With 
the blast peak pressure occurring in less than a millisecond, a voltage amplifier with a sufficient response 
time equivalent to the Kulite XTL sensor was necessary.  After testing several strain gauge amplifiers 
with the Kulite pressure transducer, an Endevco 106, dual channel piezoresistive  bridge signal 
conditioner and an Endevco 109 power supply became the ideal choice.  
Although not capable of recording the sub-millisecond peak impulse, the Gems 2200 
peizoresistive pressure transducers enhance the reliability of the pressure measurements. A Gems 2200 
series, 4-20 ma output, -15 to 45 psig and a -15 to 15 psig pressure transducer allowed for two additional 
distinct pressure traces with each energetic specimen. Mounted in the middle is a Gems 2200 series, 4-20 
ma output, -15 to 45 psig pressure transducer. Closest to the anvil is a Gems 2200 series, 4-20 ma output, 
-15 to 15 psig pressure transducer. To mitigate unwanted vibrations the two Gems pressure transducers 
were offset from the chamber by a 1.5 in. long and ¼ in. thick nylon tube (Figure 3.5). The use of nylon 
tubing to offset certain vibrational “sensitive” transducers is necessary in order to capture usable data. A 
simple test was performed with a Gems 2200 sensor mounted directly into the ½ in. NPT slot on top of 
the pressure chamber without the use of any damping material. As expected Figure 3.6 depicts the 
abundance of oscillations would make data post-processing challenging even with the best data filters. 
Thus, the ¼ in. outer diameter and 1.50 in. long tube was a simple and reliable method to mitigate this 
problem. Figure 3.7 shows the benefits in noise reduction with the nylon adapter.  
Since the Gems sensors operate as a current output transducer, observable voltages are controlled 
by adjustments to the terminal resistors fixed to the BNC output connector. A simple BNC style variable 
terminator allowed for preferential adjustment in voltage output. Both 500 ohms and 1000 ohms were 
suitable settings; however, all tests conducted and discussed in this paper were set to 1000 ohms mainly 
due to the mathematical simplicity when converting the voltage output to pressure. Three pressure 
transducers provide both experimental reliability and standoff distance variation (results showed that the 
standoff distance between pressure transducers did not affect the pressure measurements).  
 
Projectile Cabinet            
Assembled by a senior design team, a standard athletic locker was modified into a projectile 
housing facility, an incredibly useful container that creates a closed system during testing as well as 
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provides a secure manner to store the rifle when not in use. Moreover, the Remington 700 BDL rifle bolt 
was stored and locked in a separate location as an additional safety precaution. The 12 in. x 18 in. x 72  
in. Hallowell ValueMax locker lined with one inch egg shell insulation foam became the rifle housing 
cabinet. To mount the rifle, a steel Caldwell Lead Sled DFT Rifle Shooting rest provided an excellent “off 
the shelf” solution to securing the rifle and reducing the recoil especially when mounted one of the 30 in. 
x 60 in. x 30 in. maple wood workbench tables via the U-hook and the ½ in. threaded rod [8]. 
The large door provided easy access to the rifle, rifle mount, and trigger solenoid. Minor 
improvements such as a hinged rear access panel for rifle bore cleaning and two light duty cotton/nylon 3 
foot long, 2 inch thick, hinged bar buckle straps created a cost effect method of increasing the rifle 
stability within the Caldwell shooting rest and reducing test turnaround time. In the metal panel opposite 
the mounted rifle Silver’s Machine, a local machine shop, cut a 3 in. diameter exit hole for the bullet. 
  
   
  
   
 
  
 
 
  
              Figure 3.8: Projectile cabinet with Caldwell shooting resting and Remington rifle 
 
 
 
 
 
 
 
 
                                        Figure 3.9: Rear access panel of projectile cabinet 
 
Initially it was unclear as to the level of sound intensity that a muffled rifle would generate and 
whether this facility could be used in the Mechanical Engineering Laboratory during normal business 
hours. Several preliminary early morning tests demonstrated that although rifle blasts were noticeable to 
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someone in the immediate vicinity of the test facility, the noise did not permeate throughout the building. 
As a result testing could be conducted inside the building and during normal business hours without being 
a nuisance to others.  
 
Laser-Optic Velocity Detection System 
Along with the abrupt increase in chamber pressure, measuring the pre-impact velocity for impact 
initiated reactive material experiments is critical to understanding their reactive tendencies. The kinetic 
energy of each projectile is correlated to the pre-impact velocity by 
 
(3.6) 
 
where  “m” represents the mass and “v” the velocity. Thus, doubling the velocity quadruples the kinetic 
energy (KE). Therefore, even small changes in velocity can create noticeable variations in recorded 
chamber pressure. Additional discussion on the effects of kinetic energy will follow in Chapter 4.1.  
A high-speed chronograph was constructed using a series of optical lenses, a 645 nm, Class IIIa, 
<5 mW, battery powered laser, two Thorlabs, DET 10A, hi-speed photodiodes, and a 3432 Picoscope 
(digital oscilloscope). Initially velocity measurements were conducted without creating a diverging, 1-D, 
laser sheet, instead relying on ensuring the highly accurate alignment of the rifle muzzle with the two 
approximately 1.5mm diameter laser beams so that the 4.37 mm (.172 in.) diameter bullet would 
successfully cross each beam resulting in measurable data. As a result, the chronograph facility in its 
initial configuration failed to consistently capture the projectile’s velocity as it travelled between the 
housing cabinet and the pressure chamber because the laser beam and bullet trajectory did not always 
intersect. Incidentally the physical connection of the two supporting tables created a conduit for the 
mechanical shock wave to travel from the rifle chamber to the chronograph system, possibly causing false 
triggers as well. To improve the reliability of the system, multiple options were considered by designing a 
series of lenses that would create and expand a 1-D sheet of light and collimate that sheet into the 
appropriate height that would significantly reduce the possibility of a bullet failing to cross either the first 
or second beam due to minor fluctuations in the bullet’s flight path.  One option was to use the Kepler 
lens arrangement where two positive lenses would effectively collimate the beam and one negative lens to 
converge the light back to a focal point. A second option was to use the Galileo lens system where a 
negative and a positive lens collimate the beam, which is subsequently converged to a focal point by 
another negative lens. However, with either system the beam required an additional set of lenses for 
collimation. Working with limited space and to reduce cost and complexity, the beam was not collimated 
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but lenses were placed accordingly to allow for the expanded beam to fully converge back on the 
photodiodes seen in Figure 3.10 and 3.11.  
 
    
 
 
 
 
 
 
 
 
 
 
Figure 3.10: Diagram of final proposed chronograph system 
 
The 1.5mm laser beam was split by a 1 in. diameter 50/50 splitter lens that allowed 50% of the beam to 
travel unimpaired to the hi-speed, Thorlab,  DET 10A, photodiodes. This detector was chosen for its fast 
rise time of 1 ns and appropriate wavelength range of 200-1100 nm. Using two plano-concave cylindrical 
lenses (f=-40mm, H=10mm, L=12mm), the beam was expanded in such a manner that the 1-D sheet 
height at the bullet path would be 14.5 mm (.57 in.). Clearly the 14.5 mm created a larger margin of error 
than that of the original beam diameter of 1.5 mm. Two double convex, 50mm diameter, 50mm focal 
length lenses refocused the diverging beam onto the photodiode receptor cells. Special attention must 
always be given to the alignment of the laser beam onto each respective photodiode’s receptor cell. Non-
centered and incorrectly focused beams could result in failed measurements.   
                    
 
 
 
 
 
 
 
Figure 3.11: Completed laser/optic chronograph system 
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To properly record the bullet velocity several Picoscope setting variations were attempted prior to 
determining the most suitable. Furthermore, due to a slight reduction in the beam intensity at the second 
photodiode, Channel B, voltage sensitivity was set to a smaller range than Channel A. The Picoscope 
software settings were as follows: Channel A: +/-500 mv, DC voltage and Channel B: +/-200 mv, DC 
voltage, with 20 us/div and a sampling rate of 200 MS/s. The trigger was typically set at 30-40 mv below 
Channel A’s mean voltage (200 mv & depending on battery power) and 10% from the initial recorded 
data. During diagnostic tests of the velocity laser-optic chronograph, the recorded measurement signatures 
did not accurately reflect the bullet passage as seen in Figure 3.12. More specifically a reliable velocity 
graph would clearly depict a decrease in the mean voltage resulting from the bullet tip breaking the beam 
and reducing the laser coverage of the photocell, a flat base where the bullet is blocking a 4.37 mm long 
region of the 14.5 mm thick 1-D sheet, and then a quick rise returning to the voltage to its baseline.  
Figure 3.14 displays the configuration of the two BNC cables connecting the hi-speed 
photodiodes to the model 3424 Picoscope. Each BNC cable is terminated with a 560 ohm resistor 
connected via a BNC grabber clips resulting in the reduction of RC response time.  
 
 
          
 
 
 
 
 
 
Figure 3.12: Data from Laser-Optic Chronograph without BNC termination 
 
 
 
 
 
 
 
 
 
Figure 3.13: Data from Laser-Optic Chronograph with 560 ohm BNC terminations 
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Figure 3.14: 560 ohm terminations on Laser-Optic Picoscope  
 
Remote Trigger Mechanism 
From a safety standpoint individuals using this facility require the ability to remotely trigger the 
rifle from the safety of an adjacent room. Therefore, a sealed, push style linear actuator was integrated 
with a hemispherical 3 in. x 1 in. rod designed to slide across the bottom of the trigger guard and guide 
the rod directly into the front surface of the trigger. Since the Remington 700 BDL rifle requires 4.25 lbf 
of trigger squeeze [5] to engage the firing pin, the 8.1 lbf generated by the solenoid is ample force to 
successfully fire the rifle. Figure 3.16 depicts the design improvements over the work completed by the 
senior design project [8]. The first improvement includes a support rod welded inside the 90 degree angle 
bar supporting the solenoid. Prior to this modification when the solenoid engaged the trigger, a noticeable 
amount of deflection in the angle bar occurred. Any deflection would reduce the force pressing on the 
rifle trigger and potentially result in a misfire. Therefore, the simple design improvement resolved this 
problem. Further Figure 3.15 depicts the original proposed “trigger guide rod” which consisted of a band 
wrapped around trigger with a rubber grommet. The grommet would reside on an adjustable length screw 
extending from the hemispherical rod. The intent was to provide a direct transfer of force from the 
solenoid to the trigger. Instead the direct physical contact of the solenoid to the trigger was determined to 
be a safety hazard. The final design shown in Figure 3.16 is the proposed design of Figure 3.15 without 
the direct contact of the hemispherical rod to the trigger. Wire from the solenoid was adhered to the room 
wall in 2310 MEL into 2312 MEL and connected to a power supply. Using a 24V, 7.2A push button 
power supply to generate the current necessary to remotely trigger the solenoid as shown in Figure 3.16, 
research assistants were now able to safely engage the rifle with adequate standoff distance and cover 
from the thick concrete wall.  
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Figure 3.15: Proposed modifications to trigger mechanism 
 
 
 
 
 
 
 
 
 
 
Figure 3.16: Remote trigger power supply (left) and final solenoid assembly (right) 
 
 
Transition Section 
A fire extinguisher cabinet serves as the transition section between the projectile cabinet and the 
pressure chamber. Supported by 4 wooden legs (2 in. x 4 in. lumber) the simple, yet effective component 
fulfills multiple purposes. First it satisfies an obvious safety requirement to close the entire facility. As 
per the testing SOP (Appendix E), the transition section must be in place prior to loading a bullet in the 
chamber. This precaution helps prevent obstructions in the bullet path. Secondly, the 1 in. eggshell foam 
lining on the inside provides an extension to the projectile cabinet further reducing the blast noise and 
containing ejected muzzle blast powder. Lastly, although the majority of the fragmentation travels into the 
pressure chamber, small amounts of debris are emitted backwards, containment here is critical both for 
safety reasons and to protect the sensitive laser-optic system. 
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Figure 3.17: Transition section (left) and the transition section with the laser-optic chronograph (right) 
 
Fragmentation Plate 
The projectile first enters the chamber by penetrating a 2 in. square by 1/16 in. thick mild steel 
breaker plate, which induces fragmentation of the lead bullet and the reactive constituents. An entry plate 
holder constructed from a 3.50 in. square A36 steel plate, secured with four 1/8 in. screws, and with a 1 
in. diameter hollow center securely mounts the 2 in. square breaker plate. A crucial component to testing 
is selecting the appropriate plate thickness since too thick of a plate will force a premature reaction while 
too thin of a plate won’t effectively disperse the bullet and its inner constituents. Experimenters at the 
Naval Surface Warfare Center found that a 1/16 inch mild steel was ideal. Therefore, we set out to 
confirm that this is the case in our scaled combustion facility. It is also important to note that their most 
commonly used projectile was a 0.65-1.0 in. diameter sphere whereas ours is a standard .17 caliber bullet 
[9]. The images in Figure 3.19 are results obtained from a Phantom v5 high-speed digital imagining 
camera varying the thickness of the metal skin. The top image shows the bullet filled with 100 mg of two-
micron aluminum travelling at 1 km/s inside the pressure chamber without the use of the fragmentation 
skin. The middle image shows the effects of a reactive aluminum filled bullet with the equivalent mass 
and traveling at an equivalent velocity passing through a 1/16 in. metal plate. The bottom picture shows 
the effects under the same conditions of a 1/8 in. metal plate. In this instance there was significantly more 
reactivity both at the metal plate as well as in the airborne fragmentation. Since the goal was to initiate 
fragmentation, not the chemical reaction, and concentrate a majority of the projectiles mass onto the 
hardened anvil, a 1/16 in. plate was chosen as the most ideal for this application. Additionally, the thicker 
the entry plate the more likely a reaction will occur outside of the chamber, and subsequently outside the 
measurement reach of the pressure transducers. 
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Figure 3.18: Fragmentation plate holder (left) and mounted 2 in. diameter shaft collar with anvil (right) 
 
 
 
 
 
 
 
 
 
 
Figure: 3.19: Bullet travelling at 1 km/s with no metal plate (top), a 1/16 in. metal plate (middle), and a 1/8 in. metal 
plate (bottom) 
 
Impact Surface 
The type of metal, more specifically the hardness of that metal, plays a significant role in amount 
of energy that performs mechanical work on a projectile and specimen as opposed to portions of the 
kinetic energy transferring to anvil deformation. Similar impact energy tests at the Naval Surface Warfare 
Center found 38-40 HRC for a 4340 steel anvil adequate [4]. By increasing the hardness of the metal, the 
kinetic energy lost to the deformation of the metal is reduced. With the goal of selecting a cost effective, 
hard metal, the final design consisted of a 2 in. diameter, 1 in. long metal disk of heat treated, air cooled 
4140 steel with approximate hardness values of 50 HRC as tested on the Rockwell Hardness Tester. 
Figure 3.20 shows the anvil surface before and after a test with approximately 100 mg of 
aluminum travelling at 1 km/s. Anvils are stored after each test for potential future fragmentation 
analysis. 
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Figure 3.20: 4140 Steel anvil surface before (left) and after (right) an impact-initiated chemical reaction 
 
3.4 Projectile and Specimen Preparation  
Custom Bullet Design 
To successfully conduct impact-initiated tests of energetic materials, a transport mechanism is 
necessary that can achieve velocities of 1.2 km/s or more, shelter a significant portion of the energetic 
material specimen from reacting prior to impact on the anvil, and provide a stable flight path allowing for 
velocity measurement and a repeatable direct surface impact. The first transport mechanism attempt in 
Figure 3.21 was a .605 in. long, .171 in. diameter copper cylinder with a hollowed inner cavity. Despite 
the advantage of increased capacity over using a standard .172 caliber bullet, the cylindrical design had 
several inherent challenges with seating correctly in the rifle chamber and potential stability problems 
travelling through the bore.  
 
 
 
 
 
 
 
Figure 3.21: Standard Hornady, .17 caliber bullet (left) & proposed custom bullet design (right) 
 
 
 
 
 
 
 
 
Figure 3.22: Final (left) & initial proposed (right) custom bullet design 
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Figure 3.23 and Figure 3.24 display a series of stress analysis tests conducted with the stress 
analysis environment in Autodesk Inventor. Approximating chamber pressures of 50,000 psi at the rear of 
the proposed bullet cylinder [10], Von Mises stress analysis captured likely points of failure for a bullet 
machined from .171 in. diameter round stock copper. Computations showed that internal cylinder failure 
was plausible potentially resulting in structural degradation while travelling inside the rifle bore and 
unwanted fragmentation at the muzzle exit. Other material choices were feasible and could have provided 
more structural integrity. However, after completion of a prototype (Figure 3.22) other complications 
became apparent.  Since typical chamber pressures for the Remington Model 700 rifles approach 50,000 
psi, any obstructions preventing the escape of high velocity gas could significantly damage the rifle. 
Furthermore, without the conical tip, the entire length of the cylindrical bullet would remain in contact 
with the rifling and inner surface of the rifle bore. One possible outcome would be a reduction in bullet 
velocity due to increased friction while another is the potential collapse of the thin bullet walls from 
prolonged contact resulting in a failed test. Despite minor losses in mass transport capacity, the second 
design eliminated any rifle integration or safety concerns. Standard 20 grain, .17 caliber, Hornady bullets 
were machined creating a cavity capable of holding 100-300 mg. Preliminary results demonstrated that 
this amount is adequate for reactive material comparison. 
 
 
 
 
 
 
 
 
 
Figure 3.23: Von Mises Stress from 50,000 psi on proposed bullet design 
 
 
 
 
 
 
Figure 3.24: Von Mises Stress from 50,000 psi on .17 caliber Hornady bullet 
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Measuring the Constituents 
For each energetic material system the proportion of fuel to oxidizer or secondary energetic 
constituent in the case of boron carbide systems was determined from a plausible set of products as 
predicting all possible products without a more robust software package was outside the scope of this 
research project. A representative example would be the Ti-B4C system where the sample mixture ratios 
were created from the following stoichiometric equation: 
 
3Ti (s) + B4C (s) →  2TiB2 (s) + TiC (s) + 680 KJ        (3.7) 
 
A Ti-B4C system reacting in argon could yield a series of condensed products (Ti, B, C, B4C, TiB, TiB2, 
TiC) as well as a host of gaseous products (Ti, Ti2, B, B2, C, C2, C3, C4, C5, BC, B2C, BC2) [11]. Clearly 
to balance each equation based on all known or suspected products would have been a cumbersome feat 
without the use of a more advanced software packages. Given that the vast majority of tests were 
conducted in air at normal room conditions (14.7 psia & 71 oF), the predominant concentration of oxygen 
and nitrogen in air added another set of possible reactants to each system. A “best guess” equation of 
likely products based on favorable heat of formation values was used when mixing each system. In 
addition most all systems were stoichiometrically balanced with some exceptions where a fuel rich or fuel 
lean mixture tested performance variations. Appendix A is a reference for the equations used to mix the 
list of systems found in Appendix B.  
 
Moisture Content 
While testing an array of energetic systems certain specimens of the same composition exhibited 
variations of 10-20% in performance as measured by the recorded chamber pressure. Although numerous 
factors such as impact velocity, exact impact location on the breaker plate and anvil, moisture content in 
the ambient air and the test specimen, and particle fragmentation patterns contribute to the measured 
performance of a each sample; it seemed reasonable to a large extent that the moisture levels of mixed 
powders were measurable and controllable. Moreover, the significant fluctuations in the outside air 
temperature and relative humidity from May through August when the ballistic tests were conducted 
made it worthwhile to investigate. Using the W-Zn-Zr system mixed in the weight ratio of 
17.5%/16.0%/66.5% respectively, a series of tests varying the moisture content from 0% to 15% were 
conducted to determine whether moisture levels affect the energetic performance and, if so, to what 
extent.  
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By inducing steam at 100 oC and ambient pressure into vacuum dried samples of W-Zn-Zr, 
various moisture content levels were achieved and tabulated in Appendix J in terms of gravimetric water 
content expressed in terms of the water mass divided by the total sample mass. Referring to Figure 3.25 a 
clear pattern emerged that, for the most part, specimens with moisture contents greater than 7% show 
degraded performance while percentages less than 7% did not appear to significantly alter the outcome. 
Further the fluctuations of the 3.5% moisture content sample suggested that although moisture can alter 
performance, other factors are more likely causing the variations in recorded pressure values. Appendix J 
references a series of observations performed to determine how much moisture is absorbed in a sample 
removed from 24 hours of storage in a vacuum (-14.7 psig)  that is placed in ambient air for 15 days. 
Results indicated that the moisture content increased, but by less than 1%. This nominal change could 
also be partly a result of deviations in the scale measurements making the moisture content almost 
negligible. Thus, it is unlikely that any significant moisture intrusion during sample preparation resulted 
in the observed performance anomalies. As such, other aspects of the sample preparation process 
discussed below were investigated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure: 3.25: W-Zn-Zr performance depending on moisture content 
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Mixing the Constituents 
Equally as important to conducting a repeatable experiment with the diagnostic equipment 
functioning properly is creating homogenous mixtures of the fuel and oxidizer or multiple intermetallic 
combinations. After weighing the correct proportions (rich, lean, or stoichiometic) from the balanced 
reaction equation, a few ounces of hexane, mixture of isomers, ACS reagent >98.5% were used in 
conjunction with an ultrasonic processor at an amplitude setting of 80 and run for a period of four  
minutes to thoroughly mix each sample. For most specimens the hexane solution created using the 
ultrasonic processor was adequate for producing homogenous mixtures. Hexane polymers are typically 
nonreactive and evaporate readily under normal conditions and at an increased rate inside a vacuum. To 
quickly and sufficiently remove the hexane from each sample, a 4 CFM, 1/3 HP, high performance 
vacuum pump was used to create a vacuum at -100 kPa inside a Fisher Isotemp Vacuum oven. For this 
application, it was unnecessary to heat the samples as the hexane evaporated at room temperature. 
General practice was to prepare the samples one day, store the prepared mixtures inside the vacuum 
overnight, and remove and press the powders the following day. Hexane served, in most cases, as an 
adequate medium for creating homogenous mixtures. Unfortunately, systems such as W-Zn-Zr failed to 
mix uniformly in part, due to large differences in material densities and settling rates leaving layers of 
elements or “swirls” opposed to well-mixed samples after use in the ultrasonic processor. To resolve the 
settling issues, insoluble samples unable to thoroughly mix in Hexane were mechanically hand mixed 
with two, 6 mm steel balls in translucent polyethylene bottles for two minutes.  
After weighing and properly mixing the reactive powders, each test sample required a facility 
capable of securing the bullet while pressing the powders inside the inner cavity. Figure 3.26 is a 
conceptual diagram of a proposed system where a research assistant would start by placing a series of .17 
caliber bullets into a mounting block and securing it with a back plate. The assembled mounting block 
would then fit to a movable base resting on the press. Similar to how an adjustable stop works on a 
common table or floor drill press, a threaded rod allows the operator to raise and lower the dial 
controlling the pressing force. Although not pictured, a tension scale attached in a similar manner could 
accommodate the same purpose. Thus, the table sized, hand powered, miniature press could provide a 
simple and effective means to construct reactive bullets for testing. Ironically since this design was 
modeled after a standard drill press, the simplest solution to this phase in the sample preparation phase 
was to acquire a drill press and create the necessary modifications to suit our needs. Therefore, a 
personally owned Craftsman, 2/3 HP, 10 in. drill press with an adjustable base plate was an almost 
complete solution as seen in Figure 3.30. Figures 3.27 through 3.30 show the sample preparation process. 
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Figure 3.26: Proposed bullet press design 
 
 
 
 
 
 
 
 
 
 
Figure 3.27: Ultrasonic processor (left) and Fisher Isotemp vacuum oven (right) 
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Figure 3.28: Securing bullet inside press mount 
 
 
 
 
 
 
 
Figure 3.29: Placing specimen powder inside bullet cavity 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.30: Pressing powder inside bullet cavity using drill press mount 
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Loading Ammunition 
Following the safety requirements and standard loading procedures for rifle ammunition [12], 
each casing was visually inspected for anomalies that could affect safe firing inside the rifle chamber. 
Next, firmly twisting the deburring tool over the outer and inner neck of the casings removed minor 
metallic burs which could inhibit the bullet insertion during loading or the casing position inside the rifle 
chamber. CCI small rifle primers were then pressed into each casing using a RCBS single stage press 
mounted to the testing table.  Measuring 1.62 g (25 grains) of BL(C)2  Hodgon powder for each casing 
provided enough propellant to achieve a muzzle velocity of 1.2 km/s (4,000 ft/s). It is important to note 
that all tests exceeded the maximum BL(C)2  Hodgon powder label recommendation of 24 grains by 4%, 
but that realistically, with proper precautions, the rifle chamber can handle loads that slightly exceed 24 
grains. Best practices include monitoring the condition of the expended casing looking for excessive 
expansion while also inspecting the primer, as flat primers are another indicator of overpressure. Firing a 
few tests with a “low-end” charge of 20 grains, for example, will provide an excellent baseline for the 
expended casings to use in comparison with those of greater charges to monitor for early overpressure 
warnings before they cause serious damage to the rifle. Selecting the appropriate type of gunpowder and 
quantity can alter the muzzle velocity of each test. Therefore, consistency is essential to both material 
selection and amounts in order to achieve repeatable velocities.  Although most gun powder 
manufacturers annotate grain to velocity metrics on their labels, these values are often measured at a 
distance of 15 feet from the muzzle and back-calculated to determine the velocity at the muzzle exit. 
Generally a light coat of lubricant placed with the forefinger and thumb around the neck of the cartridges 
prevents jamming inside the bullet press. The reactive material bullet was applied at the tip with clear 
finger nail polish as a sealant. The final step in the cartridge preparation was the loading of the compacted 
and sealed .172 caliber reactive material bullet with a rifle cartridge filled with 25 grains of rifle powder 
in the RCBS press.  
 
Effects of Atmospheric Conditions Ballistics 
Complete control of the bullet speed is practically impossible. Once 25 grains of Hodgon BL-
C(2) rifle powder proved adequate in achieving 1.2 km/s, the focus was on a consistent reloading process. 
Just as environmental conditions affect energetic materials, so does the environment affect the gunpowder 
performance. For each powder type and atmospheric moisture content a level of moisture exists referred 
to the moisture equilibrium. This moisture equilibrium will remain constant given that the moisture 
content in the surrounding air remains unchanged. Typical moisture equilibriums can vary from .20 
percent moisture content when the ambient air is at 10 percent humidity to 1.5 percent when the ambient 
air is at 90 percent humidity [10].  Along with relative humidity, temperature changes can alter ballistic 
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performance by changing the gravimetric density of the gunpowder. Generally speaking, although the 
relationship may not always be linear, increases in temperature reduce the gravimetric density, but 
increase the pressure and the bullet velocity. Heating gunpowder to high storage temperatures (> 140 oF) 
can drive out some residual moisture; however, this procedure can also alter the burning performance of 
the powder by burning off certain volatile solvents such as acetone and removing deterrent coatings from 
the powder surface [10]. 
Mathematically the velocity in feet per second (fps) is a function of the bullet velocity at 70 oF 
and the current ambient temperature (T) in degrees Fahrenheit: 
 
                                                                                                                                     (3.8) 
 
This relationship from [10] shows that a fluctuation in 5 oF above or below would change the 
bullet velocity 10 ft/s. Although this change is minor, coupled with other potential inconsistencies such as 
whether the rifle powder is predominately in the front of the casing, towards the primer in the rear, or 
evenly distributed could also affect the rate and level of pressure reached inside the rifle chamber. 
Consistency in the type of primer and powder, the handling and storage of raw materials or prepared 
bullets, the avoidance of moist environments, and the utilization of all equipment as intended such as 
keeping the rifle powder in the appropriate container will help ensure that each test is within the desired 
velocity parameters.  
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Chapter 4 
 
 
Results and Discussion 
 
 
4.1 Projectile Velocity 
The amount of gunpowder in each casing strongly correlates to the muzzle velocity of the bullet 
as it exits the rifle and enters the pressure chamber. After several tests using a variation of 22, 24, and 25 
grain charges, 25 grains (1.6200 g) became the ideal charge that consistently and safely achieved 
velocities close to 4,000 ft/s. Figure 4.1 below depicts a distribution of  74 tests conducted in air each 
with exactly 25 grains of Hodgon BL-C(2) rifle powder. With a mean velocity of 3,973 ft/s and a standard 
deviation of 69 ft/s, 68% of the tests resided within this range. Unfortunately, the amount of grain charge 
is not the only factor affecting the bullet muzzle velocity.  
 
 
Figure 4.1: Variation in bullet velocity with a 25 grain charge 
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4.2 Blast Wave Analysis 
Pressure and velocity are the two primary and critical diagnostic components for this research and 
for determining the kinetic and chemical energy release of each reactive material system. With each 
different specimen exhibiting its own unique pressure trace, impulse is one metric for relative 
performance comparison. Research into blast wave performance discovered that the numeric value of the 
impulse is “an important aspect of damage-causing ability” [2]. Explosive Shocks in Air dissected a blast 
wave impulse into three main components: the peak, the time span for the first positive phase, and the 
decay behavior. Energetic systems containing larger amounts of material are more likely to exhibit both 
positive and negative phases on a pressure-time plot. In the case of our scaled facility, dealing with 
relatively small amounts of energetic material constrained the pressure curves to a single positive phase 
without any noticeable negative phases for an air or nitrogen based environment tests. Trace negative 
phases were observed in the 40% oxygen environment. 
Although the positive phase of the pressure wave impulse correlates strongly with a system’s 
ability to damage a target, impulse as a unit of force-time does not translate directly into energy based 
units. Figure 4.2 below shows the correlation between impulse (PSI-ms) measured and total energy 
(Joules) calculated using the method outlined in Chapter 3.2 with a ratio of specific heats of 1.40 for and 
pressure chamber volume of .0056 m3       
Using MATLAB the decay portion of each pressure curve was fit to a logarithmic decay function 
of the form:  
 
                                                                                                        (4.1) 
 
where AO denotes is the peak quasi-static pressure or overpressure, e the base of natural logarithms, t the 
instantaneous time, and τ the exponential time constant. The logarithmic decay function is intended to 
model curves only in the positive phase and not in the negative phase when pressure drops below 0 psig. 
Nevertheless, this is not a concern since the quantifiable destructive section of the blast occurs in the first 
positive phase and nominal secondary negative phases were only observed in the 40% oxygen tests. 
Fitting equation 4.1 to the decay section of the pressure curve 30-50 ms to after the initial blast until the 
pressure returns to zero provided enough data to accurately depict the decay free from any distortions 
typically recorded post-impact from shock wave perturbations and mechanical vibrations inside the 
pressure chamber as seen in Figure 4.3 in blue. Further, the abrupt rise in over-pressure from the initial 
shock wave was modeled as a linear curve in blue as well. The linear equation and logarithmic equation 
derived from the curve fitting were used to calculate an extension, and the intersection of the two curves 
yielded the maximum quasi-static overpressure of each pressure trace. This computational process was 
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repeated in MATLAB for each pressure transducer associated with the 110 energetic material systems 
examined in this research.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Linear fit of total energy and impulse for 91 tests conducted in air with an R2 of .91 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: Sample calculation of curve fitting and intersect to determine the maximum over-pressure 
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4.3 Energy Release 
As discussed in Chapter 3.3 the total energy dissipation is the summation of the kinetic and 
chemical energy release of each specimen. After determining the peak quasi-static pressure from the 
measured pressure data and the kinetic energy from the velocity data, the chemical energy is derived 
simply as: 
 
Total Energy =  Kinetic Energy + Chemical Energy    (4.2) 
 
Figure 4.4 is a fictitious energy bar, yet it is representative of the total energy breakdown of energetic 
materials used in this facility as for several of the tests in air. Approximately 25% of the energy released 
is a direct result of the kinetic energy (and oxidation from relatively inert elements discussed in Chapter 
4.4), while the remaining 75% is generated from the stored chemical potential of the reactive material. 
Therefore, the chemical energy component is the metric of comparison as it provides a performance 
gauge between different reactive materials and against the theoretical performance helping us to 
understand what variations and elements enhance combustion performance. A complete tabulation of the 
total, kinetic, and chemical energy release for each system can be found in Appendix B.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Hypothetical example of total energy breakdown 
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4.4 X-ray Diffraction Analysis  
X-ray diffraction (XRD) was chosen as a quick, non-destructive method for analyzing several of 
the residue samples from reactive materials of interest. Information on a peak intensity, width, location, 
and phase position all provide indicators as to the polycrystalline structure [13] and ultimately the 
material itself through the use of robust analytical software packages.  Clearly, with over 100 possible 
residue samples available for analysis, time became the limiting factor in the residue processing. The 
Siemens D5000 XRD Diffraktometer recorded the phase angle and intensity for the systems of interest 
and the MDI Jade software compared the results to over 200,000 possible chemical compounds using the 
various powdered diffraction files (PDF) libraries. The challenges with this method are that non-
crystalline or amorphous structures, which lack a uniform lattice structure, are more difficult to identify 
and would not be clearly apparent, except by a non-distinct “hump” in the collected data. An additional 
challenge to the analysis, which would be the same for any post-processing technique, was that only small 
amounts of residue were available. Starting with only 100-300 mg, the residue collected comprised 
mainly of lead, smaller amounts of copper, metallic shrapnel from the anvil and inner walls of the 
pressure chamber and lesser amounts of the critical reaction products. With the use of #40, #200, and  
#325 sieve each residue sample was filtered down to the <44 μ level, thus removing a large proportion of 
the unwanted debris from each sample. Further, a single crystal quartz, zero background holder, with a 
.25 in. diameter inner cavity aided in the reduction of background noise, which was imperative when 
looking for critical reaction products that in some cases only existed in trace amounts compared to the 
overall sample.  
  From each reactive material system, one of the better performing sub-systems was chosen as a 
candidate for XRD in hopes that an increased energy release would possibly enhance the production of 
other less prevalent reactions and yield noticeable signatures. Processed residue samples not mentioned in 
the discussion below can be found in Appendix L. 
 
4.5 Pressure Chamber Environment  
In most cases the energy released by the reactive metals originated from some level of oxidation 
with the reactive specimens. Therefore, to better understand the oxidation effects different levels of 
oxygen rich environments were tested using inert bullets. A 21%, 40%, 50%, 75%, and 100% by volume 
oxygen rich environments were compared among each other and to a 100% rich nitrogen environment. 
It’s also important to note that despite using the terminology and referring to the bullet as “inert,” the lead 
and copper content do oxidize. This topic will be discussed in Chapter 4.6. 
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Variations in the volumetric proportion of oxygen inside the pressure chamber alter the level of 
oxidation of energetic specimens and ultimately the energy released and the post-impact pressure 
measured. To create a 50% oxygen environment and starting with ambient conditions the pressure in the 
chamber was reduced to 9.91 psia and filled with pure oxygen to 15.7 psia resulting in a 50% oxygen and 
50% inert (nitrogen) environment. For a 75% oxygen environment the pressure was reduced to 4.88 psia 
and subsequently filled with pure oxygen to 15.7 psia resulting in a 75% oxygen and 25% inert (nitrogen) 
environment. As the pressure chamber is not one solid piece, but an assembly of various components such 
as the window panes, metal end plates, and a fragmentation plate mount thereby restricting the pressure 
chamber’s ability to achieve a perfect vacuum seal, it’s limited to 1 psia using a ¼ HP Vacuum pump. To 
achieve a near perfect oxygen environment the pressure chamber required three evacuation and fills. By 
first evacuating to 27.9 in. Hg refilling to slightly above 14.7 psia for three cycles with the final cycle 
being pressurized to 15.7 psia to reduce the mixing effects from outside air following penetration, a 
99.9% pure oxygen environment was achieved.  
   
4.6 Inert Baseline Tests 
Averaging the total energy results from five inert tests conducted in air with the standard .17 
caliber Hornady bullet resulted in a total energy output of 386 J. This value was initially thought to solely 
represent the kinetic energy transferred into measurable shock waves and pressure perturbations inside the 
chamber. The terminology of “inert” or baseline test is somewhat deceiving as a copper coated, lead 
bullet with a conical polymer tip undergoes a chemical reaction which became increasingly apparent in 
oxygen rich environments as seen in Figure 4.5.  Contributing chemical energy components were the  
formation of PbO and possible trace amounts of PbO2 and FeN resulting in the measurable amount energy 
release. Since each residue sample is predominately lead, this left only 8-20% of the mass for the 
energetic materials depending on the sample density. Therefore, conclusive XRD results for certain 
compounds are unlikely as phase angles are often shared with either Pb,  PbO,  or Cu, which are in 
abundance (Figure 4.6). Excluding the mass associated with polymer tip and the copper jacket the 
standard .17 caliber Hornady bullet contains approximately 1.10 g of Pb. Considering Equation 4.3 a 
bullet would yield 1154 J of energy if 100% of the lead combusted. Figure 4.5 shows that 13% of the 
bullet reacts in air while 45% of the bullet reacts in a 100% oxygen rich environment resulting in the 
formation of PbO. 
 
2Pb (s) + O2 (g) → 2PbO (s)     ΔH= -217.3 KJ/mol      (4.3) 
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Figure 4.5: Standard .17 caliber Hornady bullet tested in various environments  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: Standard .17 caliber Hornady bullet tested in a 40% oxygen environment (Test #105) 
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4.7 Copper(II) Oxide Systems in Air 
Tests outlined in Chapter 4 and Chapter 5 were conducted on a constant volume basis where each 
bullet cavity (.035 cc) was completely filled with reactive material, pressed, and sealed. Appendix K takes 
into account the units of energy output per volume (J/cc) for all discussed systems. However, for 
simplicity many of the charts in this paper will only refer to joules as the energy output. 
  A -325 mesh, <44 μ,  copper(II) oxide powder served as an oxidizer for various fuels and was 
mixed with 2-3µ zirconium, <44 µ tungsten, <44 µ titanium, <2 µ tantalum, <44µ hafnium, 3 µ 
aluminum, and 80 nm aluminum powder. The first objective was to understand how a rich versus lean 
mixture can affect the results for a well-known oxidizing metal. Aluminum-copper(II) oxide was selected 
as the system to study and mix in rich, lean, and stoichiometric proportions to understand how 
stoichiometry affects combustion performance.   
 
Stoichiometric reaction for aluminum: 
2Al (s) + 3CuO (s) → Al2O3 (s) + 3Cu (s) + 1204 KJ      (4.4) 
 
 
To gauge the performance effects of changes in the fuel, rich and lean Al-CuO ratios were 
calculated using the stoichiometric equation as a baseline. Samples labeled “rich” were mixed using an 
equivalence ratio, ϕ, of 2 while the “lean” samples were based on a ϕ of 0.5.  
 
 
                                                                                                                   (4.5) 
 
 
As anticipated the rich Al-CuO mixture outperformed all other Al-CuO systems, and the 
stoichiometrically balanced mixture outperformed the lean mixture. To put the energy enhancement in 
perspective, by quadrupling the amount of aluminum (by mass) in the rich mixture increases the chemical 
energy output by a factor of 2.5 over that of the lean mixture. Additionally and although not conclusive as 
the nanoscale results are of a single test, a strochiometric mixture of 80 nm aluminum powder did not 
contribute to an improvement in the combustion performance of the Al-CuO system over the 3 µ 
aluminum powder. In the absence of a nanoscale copper(II) oxide, a 44 µ powder acted as an oxidizer, but 
most likely served as the limiting factor to improved performance. Recommendations for future tests 
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would be to conduct a series of nanoscale tests using both nano size powder for the fuel and the oxidizer. 
Another peculiar result for the Al-CuO oxide system as per Figure L.3 in Appendix L is that the Al2O3 
was not distinctly visible in the XRD analysis because the Al2O3 peaks shared phase peaks with other 
materials such as copper.  
Figure 4.7 and Figure 4.8 show the graphical relationship for the Al-CuO systems as well as other 
metallic fuels. Titanium is one of the best performers in the copper(II) oxide series. Titanium and 
copper(II) oxide were prepared under the assumption that the process yielded titanium(IV) oxide and 
copper in an exothermic reaction. The XRD results indicated minor traces of titanium(IV) oxide and the 
disproportionally large release of energy suggests that oxidation of titanium was likely. Also of interest is 
the relatively high reaction level of the zirconium, hafnium, and aluminum in each of their respective 
systems. In comparison to the maximum theoretical value, zirconium exhibited 77% reaction completion, 
74% for hafnium, and 58% for aluminum. These are very optimistic results and demonstrate that 
velocities of 1.2 km/s are sufficient for achieving significant levels of reactive material combustion in our 
facility. In comparison, to the 13% of lead combustion in air as discussed in Chapter 4.6, it is reasonable 
to argue that the compressed reactive material powders react more readily than the solidified lead bullet.  
 
 
 
 
 
 
 
 
  
  
 
 
 
Figure 4.7: Energy release from various CuO combinations 
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Figure 4.8: Energy release per gram from various CuO combinations 
 
 
After studying the results another system of interest is Ta-CuO. Tantalum’s poor performance at 
1.2 km/s in the Naval Surface Warfare Center apparatus as outlined in Chapter 2.2 and its extremely high 
boiling point at 3007 oC second only to tungsten at 3414 oC made even a moderately exothermic reaction 
seem unlikely [14]. However, comparing the results the Ta-THV mixture released 645 J/g of chemical 
energy while the Ta-CuO mixture yielded 1803 J/g. With the energetic output increasing by a factor of 3 
the most reasonable conclusion is that the oxidation of tantalum is necessary and does occur to achieve a 
reasonable level of energy output. This observation is also apparent in the Ta-B4C system as discussed in 
Chapter 4.11. 
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4.8 Tungsten-Zinc-Zirconium Systems in Air 
An intermetallic mixture comprised of tungsten, zinc, and zirconium was extensively tested by 
varying the weight percentages of tungsten, zinc, or zirconium in the same constant volume process as 
discussed in Chapter 4.7. Each powdered metal was selected so as to provide an important component to 
the overall energetic system. A -325 mesh (44 μ) powdered tungsten, -325 mesh powdered zinc, and a 2-3 
μ powdered zirconium  mixed in different percentages created ten different W-Zn-Zr subsystems with the 
addition of a few W-Zr subsystems for examination. As an extremely dense metal, tungsten provided the 
mass necessary to increase the kinetic energy when confined to a small volume of the sample cavity in 
each bullet. The addition of zinc is thought to increase the production of gas following the impact, 
ultimately leading to higher measurable overpressures. Of the transition metals zinc has one of the lowest 
melting points at 420 oC and boiling points at 907 oC while zirconium has a much higher melting point of 
1854 oC and boiling point of 4409 oC and tungsten even higher with a melting point of 3414 oC and a 
boiling point of 5555 oC [14]. Zinc is also known to oxidize into forms such as zinc oxide (ZnO) and zinc 
nitrate (N2O6Zn), which made it an important component to the experimental system.  Lastly, zirconium 
has been commonly tested in other energetic applications due to its ability to readily react with the 
oxygen forming zirconium(IV) oxide (ZrO2) making it one of the top performing energetic metals. Also 
of interest in the tri-metallic system is whether tungsten reacts either with the other metals or with the 
environment (nitrogen or oxygen). Thus, a W-Zn-Zr system has the potential to be a highly energetic 
system given our intent to combined density and gas production with an exothermic reaction.  
Figure 4.9 displays the results from dozens of W-Zn-Zr subsystems where variations of each 
constituent contributed to a change in the total energy deposited. The differences in the total energy 
amount to at most 100 joules making drawing conclusions challenging. A 18/33/50% of W-Zn-Zr 
respectively resulted in the highest performing energetic combination for this system averaging a total 
energy output of approximately 1,000  J. Unfortunately on a chemical energy basis, the relatively close 
proximity of the results make distinguishing the effects of consentient combinations on chemical energy 
output difficult.  
A better metric for comparison is to consider the energy output per unit mass for each system. Figure 4.10 
below highlights the results from the ten W-Zn-Zr or W-Zr systems. In review of W-Zn-Zr system the 
most apparent trend, above all other material variations, is that by increasing the proportion of zirconium 
in the samples the system yields a higher energy output measured in joules per gram. This is observable 
when comparing W-Zn-Zr 18/45/38% to 10/33/57% to 17/16/67% to 5/16/79% where each specimen 
contained an equal or greater quantity of zirconium resulting in a more exothermic reaction. 
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Figure 4.9: Chemical energy release from various W-Zn-Zr combinations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10: Energy release per gram from various W-Zn-Zr combinations 
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Figure 4.11: XRD results from various W-Zn-Zr 17/16/67% combinations (Test# 31, 43, 58, 51) 
 
 
 Figure 4.11 is the XRD analysis for W-Zn-Zr 17/16/67% as numerous tests of this system 
resulted in a large collection of residue allowing the use of the .50 in. diameter quartz zero background 
holder. Although challenging to discern from multiple shared phase angles, the XRD analysis detected 
possible traces of both ZnO and Zr0.5W0.5O2, which offered insight into how this system performed 
slightly better than others. In an effort to better understand whether tungsten reacts exothermically to form 
either Zr0.5W0.5O2 or WO2 or WO3  and contribute to the measured quasi-static pressure, a series of Zr-W 
tests were conducted allowing for the isolation of any potential tungsten energy release.  Figure 4.12 
depicts the results of 2-3 µ powdered zirconium and <1 µ powdered tungsten mixed in various ratios and 
comparing the theoretical energy release of the zirconium metal in the form of: 
 
 Zr (s) + O2 (s) → ZrO2 (s) + 1101 KJ    (4.6) 
 
 
Results indicate that for the 50/50 and 40/60 Zr-W systems that the actual release of energy is only 55% 
of the theoretical zirconium energy release. However, for the Zr-W ball milled specimen the outcome was 
surprisingly different as the measured results exceed the theoretical results by 31 joules. Taking into 
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account the fact that the zirconium in the Zr-W ball milled specimen is not going to release an energy 
equivalent to its theoretical maximum this left approximately 390 J of energy that did not originate from 
the formation of ZrO2. Figure 4.13 shows the XRD analysis of the residue and although quantities of pure 
tungsten were detected so were traces of Zr0.5W0.5O2 as several phase angles were not shared by any other 
compounds or element. To sum up, the reaction of tungsten would require further testing to definitively 
prove, yet both the XRD analysis and the recorded pressures indicate the strong likelihood that tungsten 
reacts exothermically.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: Comparison of the theoretical zirconium energy release to the measured Zr-W energy release 
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Figure 4.13: XRD results for a Zr-W 66/33% ball milled sample (Test#19) 
 
4.9 Tungsten-Zinc-Hafnium Systems in Air 
Similar to the W-Zn-Zr system, tungsten was replaced with hafnium and mixed in increasing 
amounts for three different systems. With 1145 KJ/mol released for the formation of HfO2 compared to 
1101 KJ/mol for ZrO2, the energy release using either zirconium or hafnium are very comparable yet 
hafnium is twice as dense at 178.5 g/mol compared to 91.2 g/mol for zirconium. Figure 4.14 compares 
and contrasts the two different experimental systems. At first glance it appears as though in some 
situations zirconium outperforms hafnium while in others the opposite is true. When considering the 
amounts of zirconium and hafnium in each test (i.e. there are 115 mg of hafnium versus 71 mg of 
zirconium in the 18/45/37% system) and their respective energy output per gram, the results below may 
not justify zirconium outperforming hafnium. Therefore, other aspects were considered.  
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Figure 4.14: Comparison of W-Zn-Hf and W-Zn-Zr experimental systems  
 
 
As expected Figure 4.15 shows that the energy output per gram of zirconium exceeds that of 
hafnium, thus in many cases making the W-Zn-Zr system a better choice both in terms of overall energy 
output and energy to weight ratio in practical application. Due to the increased mass (300mg versus 
200mg) for specimens containing hafnium, the hardened steel anvils experienced greater penetration. The 
average penetration depth for a hafnium filled bullet was 5 mm compared to 1-2 mm for other specimens. 
With this in mind, it’s reasonable to assume that a greater proportion of the kinetic energy is transferred 
into the mechanical deformation of the anvil than to the generation of “hot spots” in the reactive material. 
This less favorable energy transfer is a result of the hafnium requiring hardness greater than the 50 HRC 
achieved from heat treating the 4140 steel anvils. The heat treatment of the 4140 steel proved to be a cost 
effective approach to a relatively high level of hardness; however, future tests with dense metals would 
require a hardness greater than 50 HRC to avoid the energy loss due to penetration. 
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Figure 4.15: Comparison of W-Zn-Hf and W-Zn-Zr systems in Joules/gram 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16: XRD results for a W-Zn-Hf 5/16/79% sample (Test#39) 
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Similar to the W-Zn-Zr investigation, part of the interest with the W-Zn-Hf system was to 
determine whether the increased exothermic nature of hafnium over zirconium could create an 
environment and achieve a temperature or activation energy that would yield a tungsten reaction. Unlike 
the XRD results for W-Zn-Zr, the W-Zn-Hf analysis did not show similar formations of tungsten oxides 
or indicators of ZnO (Figure 4.16). Again, the presence of these compounds is still likely, yet the “dirty” 
intensity-phase plots with numerous overlapping phase angles and materials exhibiting multiple, small 
intensity peaks made post processing challenging and often inconclusive for some materials. 
 
4.10 Potassium Perchlorate Systems in Air 
Potassium perchlorate, KClO4, is a white crystalline solid that is widely used in explosives and 
propellants due to its ability to readily transfer oxygen to reactive metals resulting in significant 
exothermic reactions. Potassium perchlorate itself is relatively stable, yet the additional oxygen atoms 
create a system that enhances the oxidation above that of air with 21% oxygen by volume. Oxidizers such 
as potassium chlorate, KClO3, are available and oxidize very readily. Since potassium perchlorate has an 
activation energy 50% greater than that of potassium chlorate, it is a much more stable and safe oxidizer 
to handle in a university laboratory setting [15]. Figure 4.17 serves as an excellent example of where 
hafnium tested in air is compared to a Hf-KClO4 system tested in air. With only 47% hafnium by mass in 
the Hf-KClO4 mixture (149mg) compared to the pure hafnium (313 mg) system, it’s apparent that the 
potassium perchlorate significantly enhances the oxidation of hafnium in the formation of hafnium oxide, 
HfO2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17: Energy release of hafnium versus a Hf-KClO4 system 
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Using results from Chapter 2.2 as a reasonable reference the graphical summary in Figure 4.18 
and Figure 4.19 are interesting in that tantalum demonstrates a moderate level of performance, which is 
unusual given previously published results as referenced in Chapter 2.2 where zirconium, tantalum, 
tungsten, and hafnium underwent similar testing mixed with various fluoropolymers. To better understand 
the reaction process of KClO4 with the various metals, the Hf-KClO4 system residue, the most exothermic 
of this series, was analyzed to determine reaction products using X-ray diffraction. The results in Figure 
4.20 show that HfO2, KCl, and KO2 are likely products and primary contributors to the measured 
chemical energy release of this system.  
Proposed stoichiometric system reaction for chemical mixing: 
2Hf (s) + KClO4 (s) → KCl (s) + 2HfO2 (s) + 2293 KJ    (4.7) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18: Chemical energy release for various KClO4 systems 
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Figure 4.19: Energy release per gram for various KClO4 systems 
 
 
With the results from Figure 4.20 indicating an additional, unsuspecting product, KO2, the equation below 
provides an explanation. Energy transferred from the impact and the chemical reaction of hafnium could 
likely result in the dissociation of KClO4 into KO2(s) and ClO2(g).  
 
Plausible balanced system reactions given XRD results: 
3Hf (s) + KClO4 (s) + O2 (g) → KCl (s) + 3HfO2 (s) + 3438 KJ    (4.8)  
392 KJ + KClO4 (s) → KO2 (s) + ClO2 (g)    (4.9)  
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Figure 4.20: XRD results for the Hf-KClO4 system (Test #72) 
 
 
Given that the Hf-KClO4 system had an average of 207 mg for the two tests examined, the 
maximum theoretical chemical energy release based on the plausible reaction above would yield 960 J. 
This conclusion seems reasonable as energy losses such as those discussed in Chapter 3.1 and possible 
secondary endothermic reactions reduce that value to approximately 572 J as seen in Figure 4.18.  
Unlike the Ta-CuO system, Ta-KClO4 performs unsuspectingly well and better than the Zr-
KClO4 in terms of total energy output. If the tantalum were to fully oxidize into Ta2O5, the reaction would 
yield 2046 KJ/mol in comparison to 1145 KJ/mol for complete oxidation of zirconium into ZrO2. 
Although the tantalum system outperformed the hafnium system, it was not by a factor of 2 as the 
theoretical case would indicate for a complete reaction. Therefore, the formation of  Ta2O5 in significant 
amounts is unlikely and was not detected in the XRD analysis as seen in Figure 4.21. In contrast, unique 
phase angles for TaN and TaO were apparent and demonstrated the likelihood of these compounds as 
reaction products. According to S.P. Garb et al. in The O-Ta (Oxygen-Tantalum) System the formation of 
tantalum and oxygen in the metastable phase TaO is typically only found in kinetically influenced 
processes. In fact, any form outside of the stable Ta2O5 requires such an influence [16]. Since TaO is not 
the most stable combination of tantalum and oxygen, it requires 251 KJ/mol to form from its elements 
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while TaN yields 251KJ/mol during the reaction. At 3433 J or 621 KJ/mol of tantalum (reactant), the Ta-
KClO4 system releases enough energy to initiate the endothermic formation of TaO.   
 
 
Proposed stoichiometric system reaction for chemical mixing: 
8Ta (s) + 5KClO4 (s) →  4Ta2O5 (s) + 5KCl (s) + 8202 KJ    (4.10) 
 
Plausible unbalanced system given XRD analysis and experimental results: 
Ta (s) + KClO4 (s) + (O2 (g) +3.76N2 (g))  →   O2 (g)  + KCl (s)  
+ TaN (s)  + Energy    (4.11)     
Energy + Ta (s) + O2 (g) →   TaO (s)   (4.12)    
 
 
 
 
 
 
 
 
 
 
 
Figure 4.21: XRD results for the Ta-KClO4 system (Test #57) 
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4.11 Boron Carbide Systems 
Boron carbide (B4C) is another system of interest and the one most extensively studied in this 
research. Boron carbide is a unique material since it exhibits extreme hardness, resistance to chemical 
agents, and a low specific weight creating  numerous practical applications such as bullet proof vests, tank 
armor, and coatings for cutting tools. Boron carbide is also known to increase its levels of oxidation with 
an increase in temperature making it unsuitable for some practical applications but interesting for our 
purposes [17]. Figure 4.22 shows only residual amounts of nitration while the primary energy release 
originates from the moderate level of oxidation in air and enhanced levels in a 40% oxygen environment. 
At 2237 J in a 40% oxygen environment the boron carbide energy release is 69% of its maximum 
theoretical value of 3232 J compared to only 300 J of energy release in air at 9% of the theoretical energy 
release. The energy release here is significantly less in air than those discussed in Chapter 4.7 for the CuO 
systems. One hypothesis is that the energy required to break apart the boron carbide molecules and fully 
oxidize the boron and carbon atoms is not sufficient at 1.2 km/s. However, in limited amounts in air and 
at a greater percentage in 40% oxygen, the 4-7 µ boron carbide powder oxidation most likely occurs in 
the form of: 
 
B4C (s) + 4O2 (g) → 2B2O3 (s) + CO2 (g) + 2878 KJ    (4.13) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.22: Chemical energy release from various boron carbide combinations 
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Figure 4.23: Chemical energy release from various boron carbide combinations in air 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.24: Chemical energy release per gram from various boron carbide combinations in air 
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Reviewing the results from Figure 4.23 and Figure 4.24, the boron carbide reaction with oxygen 
alone does not account for the full energy release of each respective system. With boron carbide reaching 
only 10% of its theoretical value in air, the expected 4852 J/g of energy output for boron carbide was used 
to calculate the contribution of boron carbide in each system assuming the boron reacted solely with air at 
10% of complete reaciton (Figure 4.25). In each case the metallic component of the titanium, zirconium, 
and hafnium boron carbide systems oxidizes or nitrates in air or forms borides and releases relatively 
large amounts of energy while the refractory metals tungsten and tantalum show similar promise with 
lesser energy output per mole. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.25: Chemical energy release for boron carbide systems based on experimental results 
 
 
 
Tantalum and tungsten with their strong interatomic bonding and high melting temperatures of 
3017 oC and  3414 oC respectively tend to resist chemical reactivity until extremely high temperatures are 
reached [18]. This result is apparent in Figure 4.25 where tantalum and tungsten performed relatively 
poorly in comparison to other systems. Even a substitution of <1 µ for < 44 µ tungsten only slightly 
improved the chemical contribution of tungsten while titanium, zirconium, and hafnium boron carbide 
systems demonstrated significant energy release. Further, hafnium and titanium boron carbide were 
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among the top five performers in terms of energy output and zirconium of all systems examined in this 
paper and titanium boron carbide were the top two performers in terms of energy output per mass. A 
complete discussion of top performers is found in Chapter 5.  
The relatively high exothermic nature of the Ti-B4C system is attributed to the highly reactive 
nature of both titanium and boron carbide at elevated temperatures. As discussed previously, boron 
carbide oxidizes readily at elevated temperatures. Similarly, titanium exhibits increased levels of chemical 
reactivity in higher temperature regimes [18].  XRD analysis for Ti-B4C in air contained unique phase 
angles for B2O3 and TiO2 in the residue with minor traces of C3N4 and Ti2N. Of interest is the 40% 
oxygen system for Ti-B4C as several distinct phase angles are likely the result of Ti3B4 formation in the 
products while peak intensities for Ti3B4 were not detected in air (Figure 4.26). Ti2O3 has a heat of 
formation of  -1521 KJ/mol while TiO2 has a value of -944 KJ/mol both in crystalline form. Moreover, 
B2O3 has a value of -1274 KJ/mol, BN a value of -251KJ/mol,  TiB2 a value of -279 KJ/mol, TiC a value 
of -184 KJ/mol, and Ti2N a value of -122 KJ/mol. To add to the uniqueness of titanium, it is one of the 
few metals that burns in nitrogen at temperatures of 800 oC [19]. Thus, the exothermic nature of most all 
the  possible products increased the probability that a large percentage of the prepared sample would react 
exothermically either with the surrounding environment or as a binary system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.26: XRD results for the Ti-B4C system in 40% oxygen (Test #108) 
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To examine this process further the entire boron carbide system was tested in a 100% nitrogen 
environment as well as in air. Figure 4.27 shows minor, yet measurable energy output for each boron 
carbide system in nitrogen. The pure boron carbide test demonstrates that various nitrides such as BN and 
C3N4 are possible as chemical reactions are measured. Unfortunately, BN shares multiple phase angles 
with that of copper making assurance of its presence impractical with XRD analysis. Based on the 
experimental pressure results and the XRD analysis in Figure 4.26 and Figures 4.29-4.34 the B4C reacted 
primarily with the oxygen forming B2O3 (s) and CO2 (g)  (assumed but not confirmed) for all tests 
conducted in air. C3N4 is an endothermic reaction and the phase angles which represent C3N4 are shared 
with B2O3 and PbO making a definitive conclusion impossible again through XRD analysis. However, G. 
Goglio explained in “State of Art trends in bulk carbon nitride synthesis” that the nitration of carbon can 
occur through various mechanosynthesis processes where “[t]he involved mechanisms are related to the 
high intergranular pressure associated with high temperature due to collisions and frictions phenomena 
during the grinding process. In this sense, despite of the fact that experimental pressure and temperature 
conditions are moderate, the local pressure and temperature are very high which allows classifying this 
process as a high pressure-like” [20]. The paper goes on further to discuss in high energy ball milling as a 
viable mechanosynthesis process for the formation of C3N4 as well as the influence of dynamic pressures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.27: Chemical energy release contributions for boron carbide compared to the metallic component 
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Estimates place a reactive material bullet travelling at 1.2 km/s experiencing up to 62 MPa or 9,000 psi at 
the point of impact on the anvil. Thus, the localized pressure, energy, and friction of B4C particles at the 
point of impact in a nitrogen heavy environment (air) could yield C3N4 or other variation of the carbon 
nitride. In contrast, if the reaction of nitrogen and boron were to proceed as follows without the formation 
of C3N4: 
B4C (s) + 2N2 (g) → 4BN (s) + C + 941 KJ    (4.14)    
 
the results in Figure 4.27 show that BN would only be performing at 9% of its theoretical energy release 
of 1038 J for a 61 mg sample. Since all the binary boron carbide systems exceed the pure boron carbide 
system in energy release, metallic borides, carbides, and nitrides are conceivable products. As for the case 
of pure hafnium, the exothermic formation of a hafnium nitride can be ruled out as pure hafnium was 
tested in 100% nitrogen yielding no measurable energy release (Figure 4.28). Figure 4.28 also shows that 
at 1244 J the combustion of hafnium in a 40% oxygen rich environment is 62% of the theoretical energy 
release of 2008 J while only 13% in air at 257 J. Referring back to previous discussions in Chapters 4.7 
and 4.11that either through a 40% oxygen rich environment or the addition of powdered oxidizers with 
the metal, high-levels (>60%) reaction efficiencies can be achieved.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.28: Chemical energy release of hafnium in various environments 
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Given the current post processing methods and the limited amount of residue to process, the 
following set of unbalanced global equations are plausible reaction systems: 
 
Ti-B4C 
Ti (s) + B4C (s) + (O2 (g) +3.76N2 (g))  →  TiB2 (s) + B2O3 (s)  
+ TiO2 (s)+ BN (s) + C3N4 (s) + Ti2N (s) + CO2 (g) + Energy    (4.15)    
 
Ta-B4C 
Ta (s) + B4C (s) + (O2 (g) +3.76N2 (g))  →  TaC (s) +Ta2O5 (s) + B2O3 (s) 
 +  BN (s) + CO2 (g) + C3N4 (s) + Energy    (4.16)    
 
W-B4C 
W (s) + B4C (s) + (O2 (g) +3.76N2 (g))  →  WO3 (s) + B2O3 (s) + BN (s) + CO2 (g) 
+ C3N4 (s) + Energy    (4.17)    
 
Zr-B4C 
Zr (s) + B4C (s) + (O2 (g) +3.76N2 (g))  →  ZrO2 (s) + B2O3 (s) + BN (s) + CO2 (g) 
+ C3N4 (s) + Energy    (4.18)    
 
Hf-B4C 
Hf(s) + B4C (s) + (O2 (g) +3.76N2 (g))  →  HfO2 (s) + HfC (s)  + B2O3 (s)  
+ BN (s) + CO2 (g) + C3N4 (s) + Energy    (4.19)    
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Figure 4.29: XRD results for the Ti-B4C system in air (Test #80) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.30: XRD results for the Ta-B4C system in air (Test #88) 
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Figure 4.31: XRD results for the Zr-B4C system in air (Test #42) 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 4.32: XRD results for the W-B4C system in air (Test #82) 
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Figure 4.33: XRD results for the Hf-B4C system in air (Test #41) 
 
 
 
 
 
 
 
 
 
 
Figure 4.34: XRD results for the Hf-B4C system in 100% nitrogen (Test #93) 
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In review of all boron carbide systems and environments it is apparent that oxidation is still the 
greatest contributor to exothermic reactions. Figure 4.35 compares all environments and shows that 
doubling the oxygen content from air at 21% oxygen to a 40% oxygen environment doubles the energy 
output of titanium, zirconium, and hafnium boron carbide systems. Figure 4.35 also shows that the 
nitration levels are only minor contributors at best to the overall energy release. With the high level of 
reactivity in the 40% environment tests, the measured pressures were surprisingly high in the range of 20- 
30 psig, which approached or exceeded the design limit for some of the pressure transducers. Therefore, 
further testing in enriched oxygen environments would require the use of pressure transducers with a 
greater pressure range. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.35: Chemical energy release of all tested boron carbide systems in various environments 
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4.12 Bismuth Oxide Systems in Air 
 Experimentation with bismuth oxide system provided an additional opportunity to investigate 
tantalum and tungsten in relation to the previous set of systems. Results from tests conducted with 
tungsten, tantalum, and hafnium bismuth oxide are tabulated in Figure 4.36. The two extremes are of no 
surprise in that tungsten performed poorly with little to no oxidation while the oxidation of hafnium 
yielded the largest energy release with just over 400 J of measured chemical energy.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.36: Chemical energy release from various bismuth oxide combinations in air 
 
 
 
 Of interest, again, is the high-energy release from the Ta- Bi2O3 system, which rivals Hf-Bi2O3. 
Although previous XRD analysis on tantalum systems did not reveal the formation of tantalum oxides, 
it’s possible that both tantalum and tungsten combust and assume amorphous structures. Unfortunately, 
non-crystalline structures are undetectable using XRD. Nonetheless, the performance of tantalum 
suggests that tantalum readily oxidized yielding a significant energy output relative to Hf-Bi2O3. 
 
Plausible reaction given experimental pressure results: 
6Ta (s) + 5Bi2O3 (s) →  3Ta2O5 (s) + 10Bi (s) + 3269 KJ    (4.20)    
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Processing the Hf-Bi2O3, the most exothermic reaction of the bismuth oxide systems, provided an 
understanding as to whether the reaction behaved as expected. Figure 4.37 displays the XRD results and 
as expected HfO2 and Bi were detected in the residue with small traces of Bi2O3 that failed to react. 
 
 
Plausible reaction given experimental pressure results: 
 
3Hf (s) + 2Bi2O3 (s) →  3HfO2 (s) + 4Bi (s) + 2286 KJ    (4.21)    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.37: XRD results for the Hf-Bi2O3 system (Test #78) 
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Chapter 5 
 
 
Conclusions 
 
 
5.1 Recommendations for Future Studies 
A wide range of binary and tertiary reactive material systems were proposed and experimentally 
tested in the scaled combustion facility. The facility demonstrated a capacity to withstand scores of tests 
and provide a high level of experimental repeatability despite specimen samples only ranging from 100-
300 mg in mass. The facility also performed well under the different environmental conditions. 
Additional testing in 40% oxygen would require the use of flame resistant material over the two 
polycarbonate windows or their replacement altogether. The enhanced combustion during these tests 
resulted in the superficial burning of the windows.  
Of the 110 tested reactive material and inert systems, tungsten was an element of interest as 
significant levels of combustion are rare. In most cases a reduction in particle size with the <1 µ over the 
< 44µ tungsten powder or an alternative oxidizing agent created no significant improvements. The W-Zn-
Zr 18/33/50% system’s arrangement provided the optimal amount of each primary element maximizing 
combustion. Again, XRD analysis on the residue was not conclusive as the presence Zr0.5W0.5O2 or other 
tungsten oxides were not definitive and the formation of ZnO (g) is undetectable, which could attribute to 
the high-level of performance. The one exception to this trend of inclusiveness was the results for the 
single Zr-W (66/33%) ball milled specimen. This binary system demonstrated a level of performance that 
could not be explained by the zirconium alone as the energy release exceeded zirconium’s theoretical 
maximum. Further tests with ball milled specimens of different tungsten and zirconium ratios could 
generate supporting evidence that high impact alloying is the sample preparation “ingredient” required to 
achieve higher levels of tungsten reactivity.  
Further, additional post processing on the Ti-B4C residue by X-ray fluorescence or chemical 
detection should assist in determining the different products as XRD failed to detect non-crystalline 
structures and residue samples with multiple products became “crowded” and complicated to process. 
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5.2 Best Performing Systems 
Figure 4.38 and 4.39 display the top ten systems in terms of energy output in joules and energy 
output per mass in joules/gram. The results herein provide a reference for follow-on research into 
dissecting each system and understanding the specifics into what makes these optimal. 
Figure 5.1: Top 10 performers in terms of chemical energy (J) 
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Figure 5.2: Top 10 performers in terms of chemical energy per mass (J/g) 
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Appendix A: 
 
 
Sample Preparation Equations 
 
 
  
System mixtures were based on the following proposed reactions: 
 
 
 
 
Copper(II) Oxide Systems 
2Al (s) + 3CuO (s) →  Al2O3 (s) + 3Cu (s) + 1204 KJ 
W (s) + CuO (s) →  WO3 (s) + 3Cu (s) + 686 KJ 
2Ta (s) + 5CuO (s) →  Ta2O5 (s) + 3Cu (s) + 1260 KJ 
2Ti (s) + 2CuO (s) →  TiO2 (s) + 2Cu (s) + 629 KJ 
Zr (s) + 2CuO (s) →  ZrO2 (s) + 2Cu (s) + 786 KJ 
Hf (s) + 2CuO (s) →  HfO2 (s) + 2Cu (s) + 830 KJ 
 
Boron Carbide Systems 
3Ti (s) + B4C (s) →  2TiB2 (s) + TiC (s) + 680 KJ 
3Zr(s) + B4C (s) →  2ZrB2 (s) + ZrC (s) + 779 KJ 
 
3Hf(s) + B4C (s) →  2HfB2 (s) + HfC (s) + Energy 
 
3W(s) + B4C (s) →  2WB2 (s) + WC (s) + Energy 
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3Ta(s) + B4C (s) →  2TaB2 (s) + TaC (s) + Energy 
 
 
 
Potassiumperchlorate Systems 
 
4W (s) + 3KClO4 (s) →  WO3 (s) + 3KCl (s) + 854 KJ 
 
2Hf (s) + KClO4 (s) →  2HfO2 (s) + KCl (s) + 2293 KJ 
8Ta (s) + 5KClO4 (s) →  4Ta2O5 (s) + 5KCl (s) + 8202 KJ 
2Zr (s) + KClO4 (s) →  2ZrO2 (s) + KCl (s) + 2205 KJ 
 
 
Bismuth Oxide Systems 
 
W (s) + Bi2O3 (s) →  WO3 (s) + 2Bi (s) + 269 KJ 
3Hf (s) + 2Bi2O3 (s) →  3HfO2 (s) + 4Bi (s) + 2286 KJ 
6Ta (s) + 5Bi2O3 (s) →  3Ta2O5 (s) + 10Bi (s) + 3269 KJ 
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Appendix B: 
 
 
Complete Test Results 
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Appendix C: 
 
 
MATLAB Analysis Code 
 
 
 
 
C.1: Quasi-Static Pressure Curve Analysis 
 
 
t = tC_beg(:,1); 
rel = C_beg(:,1); 
  
% for A 
start_A_lin  = -1.5; 
finish_A_lin = .30; 
  
%Extrapolated Linear Region 
start_A_linext=.3001; 
finish_A_linext=4; 
  
%%Curved Region 
start_A_exp = 50; 
%%finish_A_exp = max(tC_beg); 
finish_A_exp = max(tC_beg); 
  
%%Extrapolated Curve Region 
start_A_exp2 = 0; 
finish_A_exp2 = start_A_exp-.0001; 
S_A_lin = find(t>start_A_lin & t<finish_A_lin); 
S_A_lin2 = find(t>start_A_linext & t<finish_A_linext); 
S_A_exp = find(t>start_A_exp & t<finish_A_exp); 
S_A_exp2 = find(t>start_A_exp2&t<finish_A_exp2); 
  
%%Curve A%% 
A_lin = rel(S_A_lin); 
t_A_lin = t(S_A_lin); 
t_A_linext=t(S_A_lin2); 
A_exp = rel(S_A_exp); 
t_A_exp = t(S_A_exp); 
t_A_exp2 = t(S_A_exp2); 
  
% Define your exponential function 
  fh = @(x,p) p(1) + p(2)*exp(-x./p(3)) 
  
% define the error function. this is the function to 
% minimize: you can also use norm or whatever: 
79 
 
  errfh = @(p,x,y) sum((y(:)-fh(x(:),p)).^2) 
  
% an initial guess of the exponential parameters 
  p0 = [mean(A_exp) (max(A_exp)-min(A_exp)) (max(t_A_exp) - min(t_A_exp))/2]; 
  
% search for solution 
  P = fminsearch(errfh,p0,[],t_A_exp,A_exp) 
  
 % plot exponental graphs 
 f1 = fh(t_A_exp,P); 
 f2 = fh(t_A_exp2,P);  
 p2=polyfit(t_A_lin,A_lin,1); 
f3=polyval(p2,t_A_lin); 
f4=polyval(p2,t_A_linext); 
 
%%Determing the Intersection 
elements1=length(f2); 
elements2=length(f4); 
Diff=elements1-elements2; 
Diff2=abs(f2(1:elements2)-f4); 
Minimum=min(Diff2); 
Value=find(Diff2==Minimum); 
Curve_Intersect=f2(Value) 
Linear_Intersect=f4(Value) 
P_mean=(Curve_Intersect+Linear_Intersect)/2 
 
%%determine the time of peak pressure 
Peak_Pressure_Time=tA_beg(Value) 
  
  % plot the result 
  plot(t,rel,'g',t_A_exp,A_exp,'bo',t_A_exp,f1,'r-',t_A_exp2,f2,'r',t_A_lin,f3,'bo',t_A_linext,f4,'r') 
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C.2: Impulse Analysis 
 
%%convert data to time scale%% 
t = [Tstart*1000:Tinterval*1000:Tstart*1000+(Length-1)*Tinterval*1000]'; 
  
%%calculate the mean of the baselines to get a more accurate number%% 
A_mean=mean(A(1:1000),1); 
B_mean=mean(B(1:1000),1); 
C_mean=mean(C(1:1000),1); 
  
%%Convert Gems-15 Data from Voltage to Pressure%% 
D=[A-A_mean]/.533333; 
  
%%Convert Gems-45 Data from Voltage to Pressure%% 
Z=[B-B_mean]/.266666; 
  
%%Subrtract the base line for sealed gauge Kulite-25SG%% 
V=(((C-C_mean)/125)/.1)*25; 
  
 %%Set the threshold for the start and end of impulse curves%% 
beg_thresh_per = 0.01; 
end_thresh_per = 0.01; 
  
%%Determine where the Impulse curve begins%% 
A_thresh_beg = A_mean * (1+beg_thresh_per); 
B_thresh_beg = B_mean * (1+beg_thresh_per); 
C_thresh_beg = C_mean * (1+beg_thresh_per); 
  
A_thresh_end = A_mean * (1+end_thresh_per); 
B_thresh_end = B_mean * (1+end_thresh_per); 
C_thresh_end = C_mean * (1+end_thresh_per); 
  
  
% find positions of beginning data all values in A greater than beginning 
% threshold 
[Pos Val] = find(A(:,1) > A_thresh_beg); 
[Pos1 Val1]=find(A(:,1) > A_thresh_end); 
  
[Pos2 Val2] = find(B(:,1) > B_thresh_beg); 
[Pos3 Val3]=find(B(:,1) > B_thresh_end); 
  
[Pos4 Val4] = find(C(:,1) > C_thresh_beg); 
[Pos5 Val5]=find(C(:,1) > C_thresh_end); 
  
 tA_beg = t(Pos,1); 
A_beg = D(Pos,1); 
tB_beg = t(Pos2,1); 
B_beg = Z(Pos2,1); 
tC_beg = t(Pos4,1); 
C_beg = V(Pos4,1); 
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%%plot(t_beg,B_beg,'k',t_beg,A_beg,'r 
Impulse_Gems15=trapz(tA_beg, A_beg) 
Impulse_Gems45=trapz(tB_beg, B_beg) 
Impulse_Kulite25=trapz(tC_beg, C_beg) 
Max_Gems15=max(tA_beg) 
Max_Gems45=max(tB_beg) 
Max_Kulite25=max(tC_beg) 
Impulse15=trapz(t,D); 
Impulse45=trapz(t,Z); 
ImpulseKulite25=trapz(t,V); 
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C.3: Velocity Analysis 
 
%%convert data to time scale%% 
t = [Tstart*1000:Tinterval*1000:Tstart*1000+(Length-1)*Tinterval*1000]'; 
  
%%calculate the mean of the baselines to get a more accurate number%% 
A_mean=mean(A(1:100),1); 
B_mean=mean(B(1:100),1); 
  
%%Set the threshold for the start and end of impulse curves%% 
beg_thresh_per = 0.95; 
  
%%Determine where the Impulse curve begins%% 
A_thresh_beg = A_mean * (beg_thresh_per); 
B_thresh_beg = B_mean * (beg_thresh_per); 
  
  
% find positions of beginning data all values in A less than beginning 
% threshold 
[Pos Val] = find(A(:,1) < A_thresh_beg); 
[Pos1 Val1] = find(B(:,1) < B_thresh_beg); 
 t_beg = t(Pos,1); 
A_beg = A(Pos,1); 
t_beg2 = t(Pos1,1); 
B_beg = B(Pos1,1); 
Diode1=t_beg(1,1); 
Diode2=t_beg2(1,1); 
Time=Diode2-Diode1 
Velocity_FS=.24666666/Time*1000 
Velocity_MS=.075184/Time*1000 
  
%%2.97 in is .2475 ft & .075438 m%% 
%%2.87 in is .23916666 ft & .072898 m %% 
%%2.89 in is .24083333 ft & .073406 m%% 
%%2.96 in is .24666666 ft & .075184m %% 
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Appendix D: 
 
 
Endevco 106/109 Settings 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D.1: Endevco 106/109 settings (top channel only) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D.2: Gain calculations for Endevco 106/109 
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Appendix E: 
 
 
SOP for Model 700 Remington Rifle 
 
 
 
 
Standard Operating Procedure for safe experimentation with the Model 700 Remington Rifle 
1. Put the safety mechanism in the “S” position. 
2. Ensure that the AV-DC volt transformer is unplugged and in the off position. 
3. Ensure the firearm is pointed in a safe and intended direction. 
4. Ensure that the chamber is secure and assembled. 
5. Place the device spacer on the table between the locker and the chamber. 
6. Place the bolt in the weapon (if not already done so). 
7. Place one cartridge on the magazine follower or in the chamber. 
8. Slide the bolt handle forward, then push the bolt handle down to lock the cartridge into the 
chamber. 
9. Without placing your fingers in the bullet path perform a check for proper alignment with the 
muzzle laser pointer as the weapon may have shifted during loading.  
10. REMOVE the LASER POINTER 
11.  Adjust the solenoid bar so that it is as far front of the trigger guard as possible. 
12. Set any hallway notification signs in place. 
13. Put the safety mechanism in the “F” position. 
14. Assume a safe position behind the adjacent room wall. 
15. Insert proper hearing protection. 
16. Plug in the power inverter. 
17. Fire the weapon. 
18. Turn off solenoid & unplug the transformer. 
19. Place the weapon on “S” 
20. Inspect lab results. 
In case of a misfire 
1. Turn off solenoid & unplug the transformer. 
2. Place the weapon on “S” 
3. Remove the bolt and unused round. 
4. Inspect the round. 
5. Begin at step #6 from above. 
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Appendix F: 
 
 
Data Recording Sheet 
 
Date______________________ 
Time______________________ 
Test#_____________________ 
System____________________ 
Specimen__________________ 
Gun Powder Type_____________________________ 
Gun Powder Weight__________________________ 
Empty Bullet Weight_________________________ 
Filled Bullet Weight___________________________ 
Specimen Weight_____________________________ 
Total Bullet Weight (w/sealant)_________________ 
 
Chamber Pressure: 
Location on 
Chamber:       
  Ch A Ch B Ch C 
Sensor Type:       
Gain Setting:       
Trigger Setting:        
Voltage:        
Voltage Sensitivity:        
Time Scale:       
 
Bullet Velocity Settings: 
 
Position: 
    Ch A Ch B 
Diode Type:     
Trigger:      
Voltage:      
Voltage Sensitivity:      
Time Scale:     
Misc     
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Appendix G: 
 
 
Proposed Bullet Press Design Sketches 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
  
 
 
Figure G.1: Sketches depicting a proposed “mass production” bullet powder press 
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Appendix H: 
 
 
Remote Trigger Drawings 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure H.1: Remote trigger dimensions 
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Figure H.2: Remote trigger CAD model 
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Appendix I: 
 
 
Mounting Block Sketch 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure I.1: Mounting block sketch  
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Appendix J: 
 
 
Reactive Material Moisture Study 
 
 
 
 
 
 
 
 
Table J.1: Moisture absorption from the storage of vacuum dried reactive materials in ambient air for 15 days 
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Appendix K: 
 
 
Experimental Results in Energy Output per 
Volume 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure K.1: Energy output per volume for CuO systems 
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Figure K.2: Energy output per volume for W-Zn-Zr systems 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure K.3: Energy output per volume for W-Zn-Hf systems 
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 Figure K.4: Energy output per volume for KClO4 systems 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure K.5: Energy output per volume for B4C systems 
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Figure K.6: Energy output per volume for B4C systems in 100% nitrogen 
 
 
 
 
 
 
 
 
 
 
 
 
Figure K.7: Energy output per volume for Bi2O3 systems in air 
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Appendix L: 
 
 
XRD Analysis Results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure L.1: Residue from inert test in 100% nitrogen (Test#92) 
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Figure L.2: Mixture of Al-CuO before testing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure L.3: XRD results for the Al-CuO system (Test #33) 
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Figure L.4: Mixture of W-Zn-Zr 5/16/79% before testing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure L.5: W-Zn-Zr 5/16/79% residue sample (Test#35) 
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Figure L.6: Mixture of W-Zr (33/66%) before testing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure L.7: Residue from W-Zr (60/40%) test in air (Test#61) 
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Figure L.8: Mixture of Hf-KClO4 before testing 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure L.9: Residue from B4C test in 100% nitrogen (Test#95) 
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Figure L.10: Mixture of Ti-B4C before testing 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure L11: Residue from Ti-B4C test in 100% nitrogen (Test#98) 
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Figure L.12: Mixture of Hf-Bi2O3 before testing 
 
 
